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Abstract  
The photocatalysis is one of the most promising sustainable technologies to tackle the 

challenges of environmental pollutions. However, traditional photocatalysts such as TiO2 

exhibit the narrow light absorption range and low quantum efficiency. These drawbacks 

seriously limit their practical applications. The development of high-efficiency photocatalysts 

with large specific surface area and high photocatalytic activity has become the key to the 

photocatalysis technology. Doping heteroatoms into the crystal of photocatalyst is an effective 

way to improve its photocatalytic activity. With appropriate photocatalyst design, the dopants 

in moderate doping concentration can optimise the catalysts in the following multiple aspects: 

(i) with extra dopant energy level in the bandgap of semiconductor, dopants can reduce the 

bandgap to broaden the light absorption of the photocatalysts; (ii) dopants can intentionally 

shift the valence band position to improve the photooxidation capability of the catalysts; (iii) 

dopants can suppress the photo-excited electrons and holes recombination, which results in an 

enhanced quantum efficiency; (iv) in plasmonic photocatalysts, dopants can modify the 

electronic structure of the plasmonic crystal to enhance the photo-excited charge carrier 

generation and increase the energy of the excited charge carriers. 

In this thesis, the heteroatom doping strategy has been used to enhance the dye 

photodegradation performance of photocatalysts. With the help of molecular and electronic 

structure analyses, the mechanisms underpinning the enhancement of photocatalytic 

performance are elucidated. In chapter 3, the Zn doped C3N4 has been successfully synthesized 

in eutectic ZnCl2-KCl salts mixture for the first time. The low melting temperature of ZnCl2-

KCl promotes the dispersion of the organic precursors, therefore creating a specific surface 

area at least ~7.4 times larger than the bulk C3N4 synthesized via the conventional thermal 

polymerization method in air (C3N4-M-Air). The significant improvement in the photocatalytic 

activity is achieved through locating the melting point of the salt mixture within the 

temperature window between dicyandiamide and melamine oligomer formation steps in the 

polycondensation process. Using dicyandiamide as the precursor shifts the valence band 

maximum (VBM) of the prepared C3N4 (C3N4-D) positively, therefore enhancing the oxidation 

capability of the photocatalysts. The Zn dopants at the interstitial site of C3N4 in an appropriate 

concentration suppress the photo-excited electron-hole recombination, which significantly 

contributes to the high photocatalytic activity. The optimal sample C3N4-D shows ~4.2 times 

larger photocurrent density and ~1.46 times longer carrier lifetime than the C3N4-M-Air. In 
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photocatalytic methyl orange (MO) degradation, the pseudo-first reaction rate constant of 

C3N4-D is ~4.15 times higher than that of the C3N4-M-Air control group. 

In chapter 4, the combined effects of Cl doping and agitation are used for the first time to 

improve the photocatalytic performance of C3N4 synthesized via solvothermal method. The 

enhanced photocatalytic RhB degradation activity is attributed to the optimized electronic 

structure, enlarged specific surface area and balanced interstitial/substitutional Cl doping. 

More importantly, it is found that the preferred doping site for Cl dopants is strongly controlled 

by the agitation rate. The atomic ratio of interstitial over substitutional Cl dopants shows a U-

shape correlation with the agitation rate. Furthermore, the different effects of interstitial and 

substitutional Cl dopants on the photocatalytic activity are distinguished and elucidated. The 

optimal synthesis condition for Cl-doped C3N4 is associated with a moderate agitation rate of 

60 rpm (60-C3N4). Under 60 rpm agitation during the synthesis, the 60-C3N4 exhibits 

remarkably larger specific surface area, stronger photo-oxidation capability, reduced bandgap 

and suppressed electron-hole recombination comparing with the control group g-C3N4 

synthesized via conventional thermal polycondensation method. An outstanding 

photocatalytic RhB degradation performance is therefore observed for 60-C3N4 with ~37-fold 

higher pseudo-first reaction rate constant than the control group conventional g-C3N4 sample.  

In chapter 5, the C doped TiN/ultrathin carbon layer has been synthesized via the calcination 

of TiCl4/urea mixture and shows the prominent plasmonic photocatalytic RhB degradation 

performance under visible light irradiation. Based on the systematic investigations on the 

preparation conditions, it is found that the urea amount and calcination temperature are the 

two critical factors determining the chemical composition and crystal size of TiN nanoparticles. 

In the optimal condition with 3.0g urea and 1100 oC synthesis temperature, the TiN 

nanocrystals with the mean size of ~37 nm are formed and well-dispersed on N doped ultrathin 

carbon layer layers. The larger amount of urea and higher synthesis temperature result in the 

increase of TiN nanoparticle size. Moreover, it is proven that the appropriate amount of C 

doping can enhance the plasmonic photocatalytic activity of TiN. Based on DFT calculation, 

the C sp band introduced into TiN band structure can enhance the interband excitation of 

electrons, which results in the excited holes with higher quantity and energy. In visible light 

driven RhB photodegradation, the optimal C doped TiN/ultrathin carbon layer sample shows 

the higher first-order reaction rate constant than the benchmark rutile TiO2 and C3N4/TiO2 by 

~34.2 and 6.5 times, respectively.  
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Lay Summary of Thesis  
Photocatalysis has gained considerable attentions for its potential to utilize solar energy as a 

driving force to carry out the degradation of organic pollutants and renewable energy 

production. The advantages of photocatalytic degradation of pollutants are the capability to 

fully convert the toxic organic dyes to unharmful inorganic compounds such as CO2 and H2O. 

Many photocatalysts have been reported in literature. However, the shortcomings for these 

photcatalysts are their low absorption capacity of solar light, low catalytic efficiency, limited 

surface area and poor stability, which largely restrict the application of photocatalytic process.  

The key to the success of the photocatalytic technique in pollutant degradation and renewable 

energy production is to develop high-performance photocatalysts to address the issues 

mentioned above. This thesis focuses on the development of effective synthesis methods based 

on heteroatom doping strategy to improve the activity and stability of photocatalysts. The work 

starts from modifying graphic carbon nitride (g-C3N4 or C3N4), as graphic carbon nitride has 

been considered as the next-generation photocatalyst, due to its transition metal-free chemical 

composition, good visible light response and appealing electronic band structure. This thesis 

is formed by four sections. The first section of this thesis presents a systematic review on 

photoactalysis theory, photocatalytic materials, strategies, its history and the recent 

developments. The second section of this thesis presents the molten salt method that we 

developed to improve the specific surface area and photocatalytic activity of C3N4. The organic 

precursors were annealed inside the melted KCl-ZnCl2 salts mixture, resulting in a significant 

increase in the specific surface area. The results also show that the Zn atoms doped into the 

crystal of C3N4 can improve its photocatalytic activity for dye degradation. Since visible and 

infrared light constitute 95% of total solar light power and UV light only accounts for ~5%, 

the third section of this thesis aimed to modify C3N4 to efficiently degrade the dyes under 

visible light irradiation. The improvement achieved by optimizing the doping sites of Cl 

dopants via the combined effect of Cl contraction and agitation rate during the solvothermal 

synthesis. With proper amount of Cl dopants and balance of the doping sites, the photocatalytic 

performance was remarkably improved by Cl-doped C3N4. The fourth section of this thesis 

reports the synthesis of the C doped TiN/ultrathin carbon layer. This newly developed 

C3N4/TiO2 heterostructure has a superior photocatalytic activity than commercial rutile TiO2 

under visible light irradiation. The C dopants are proven to be able to promote the generation 

and energy of hot carriers. 
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Chapter 1 Literature review 

1.1 Introduction 

1.1.1 Backgrounds and motivations 

Environmental pollution has been one of the major international concerns, due to its harmful 

impact on human health, the sustainable development of society and economy, and ecosystems 

in the world. Various emerging pollutants are increasingly accumulated in the environment 

due to the accelerated industrialization, urbanization and agricultural intensification, such as 

persistence organic pollutants, nanomaterials pollutants, microplastics, radioactive pollutants, 

and heavy metals. Among them, organic pollutants have drawn significant attention because 

of their bio-accumulative and harmful nature. Utilization of sustainable energy has received 

great interest, particularly the use of solar energy, as the amount of solar energy striking the 

earth surface is 1.3 × 105 TW per year, which is much greater than the energy consumed by 

humanity [1]. The challenges in the utilization of solar energy is mainly related to the effective 

harvest, storage and efficient utilization due to its intermittent nature [2]. Photocatalysis is 

believed as a promising technology to address and the environmental challenge through the 

utilization of solar energy, and it has been intensively investigated in the past two decades [1, 

3]. Development of new semiconductors as highly efficient photocatalysts has been considered 

as the key to achieve the practical implementation of photocatalytic technology in real world. 

To date, in the industry the most widely used method of water treatment is adsorption based: 

membrane operations, activated carbon, coagulation by chemical agents etc. [4]. However, 

only adsorption cannot effectively remove the dye in wastewater, and the subsequent 

processing is still complicated and expensive [5]. Biological method (biodegradation [6]) and 

chemical methods (eg. chlorination, ozonation [7]) have shown efficient dye degradation 

capability in the laboratory. However, these new methods show higher operating costs and 

have a limited impact on carbon content, which limits their practical usage in industry. 

The emerging photocatalytic technology can take advantage of solar light to drive the catalytic 

degradation and mineralization of environmental pollutants. After absorbing solar light, the 

photocatalysts can produce highly reactive substances, such as hydroxyl radicals, which can 

rapidly and non-selectively oxidize a variety of contaminants. Additionally, the photocatalytic 

environmental remediation only requires a relatively mild reaction condition. After 
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photochemical treatment of wastewater, the pollutants can be completely mineralized into CO2 

and H2O. The photocatalytic remediation has the advantages of zero energy consumption, low 

cost, and high efficiency in organic pollutants degradation. Therefore, it is believed as one of 

the most promising strategies for environmental pollution control. A series of studies have 

proven that the photocatalytic removal of hazardous compounds from water is efficient and 

versatile [8-10]. Hundreds of organic or inorganic pollutants can be degraded by photocatalytic 

oxidation, therefore the photocatalysis shows promising applications in atmospheric and water 

pollution remediation.  

Although the photocatalytic technology has gone through a rapid development in recent 

decades, the photocatalytic technology still shows critical shortcomings such as low utilization 

of visible light and poor efficiency of photo-generated electron-hole separation, which 

seriously restricts its photocatalytic performance for dye degradation. Therefore, it is of great 

importance to conduct the fundamental researches to develop new photocatalysts with high 

photocatalytic dye degradation performance. The focus of this thesis is to develop new 

synthesis methods for high-performance photocatalysts, strategy to enhance the activity of 

photocatalysts and most importantly, unravelling the mechanism underpinning activity 

improvement. 

1.1.2 Structure of thesis 

This thesis is formed by six main chapters. 

The first chapter is the literature review and the fundamental theory. The background of the 

research project is discussed in detail. It includes the history, basic principle and current 

knowledge gaps in photocatalysis. The introduction of major factors affecting photocatalytic 

performance and typical modification methods to improve the photocatalytic performance 

were discussed in this chapter too. 

The second chapter focuses on the experimental methodologies, which were employed in this 

thesis. The synthetic methods, materials, equipment specifications and analytical techniques 

have been described in detail. 

The following three chapters are constructed by my original research works. The third chapter 

presents the improvements of C3N4 photocatalytic performance through a unique synthesis 

method in KCl-ZnCl2 molten salts. The photocatalytic activities of the prepared C3N4 samples 

were tested under simulated solar light irradiation. The sample with moderate Zn doping 
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showed outstanding photocatalytic properties. Moreover, there was a temperature window in 

the thermal polycondensation for C3N4 proven critical to successfully improve the 

photocatalytic activity of the C3N4.  However, the prepared Zn-doped C3N4 can only absorb 

UV light, though visible light constitutes as the main part of solar energy. To achieve an 

enhanced solar energy utilisation, improving the photocatalytic performance of C3N4 under 

visible light irradiation was conducted. In the fourth chapter, Cl-doped C3N4 was synthesized 

via a novel agitation-assisted solvothermal method. The structural analyses evidenced that Cl 

could dope into both interstitial and substitutional sites in C3N4 and the preferred doping site 

was controlled by the agitation rates. Furthermore, it was found the Cl dopants at different 

sites function very differently on improving the photocatalytic performances. In this chapter, 

the photodegradation performance was evaluated under visible light irradiation. The prepared 

Cl doped C3N4 with high SSA achieved high photocatalytic activity and excellent stability. In 

order to further optimize C3N4, combining C3N4 with other semiconductors to form a 

heterojunction was the initial intention of subsequent research. However, it was found that the 

C-doped TiN/ultrathin carbon layer produced during the optimization of synthesis condition 

outperformed the classical design of C3N4/TiO2 heterostructure. In the fifth chapter, the C 

doped TiN/ultrathin carbon layer catalysts were prepared via a facile one-pot calcination 

method and proven to be an efficient noble-metal free plasmonic photocatalyst. The 

experimental and theoretical results proved that the C doped TiN/ultrathin carbon layer had 

shown enhanced photocatalytic activity due to the photo-excited holes with both higher energy 

and quantity.  

The final chapter concludes the thesis and summarizes the key findings. Additionally, potential 

improvements and future investigations are proposed at the end of the sixth chapter. 

1.2 Principles of photocatalysis 

Photocatalysis is inspired by the natural process that plants converts CO2 and H2O into 

carbohydrates under solar light irradiation [11]. In general, photocatalysis involves both the 

utilization of light to thermodynamically drive the reaction as well as the catalytic process to 

overcome the kinetic activation barrier of the reaction [2, 12]. These light-driven 

thermodynamic uphill reactions are not spontaneous, therefore the energy converted from solar 

light is indispensable to make them thermodynamically feasible. In addition, the introduction 

of a catalyst is to increase the reaction rate by lowering the kinetic energy barrier. Many 

different types of reactions can be classified into the category of photocatalysis. 
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1.2.1 History of photocatalysis 

The chemist, Giacomo Ciamician was one of the first to experimentally study whether "light" 

would promote chemical reactions in 1908 [13]. In 1911, scientists discovered the bleaching 

effect of ZnO on Prussian blue under external illumination, and "Photocatalysis", then for the 

first time, appeared in the scientific literature [14]. This discovery inspired subsequent 

experiments in the use of ZnO as a photocatalyst for other reactions. For example, in 1924, 

Baur and Perret [15] discovered that ZnO could catalyse the reduction of silver salts to metal 

silver under the irradiation of light. From the perspective of the reduction reaction, its 

photocatalytic mechanism was speculated. Subsequently, in 1938, Goodeve et al. [16] studied 

the photocatalytic decomposition of dyes by TiO2 powders and found that TiO2 powders could 

accelerate the photochemical oxidation. In 1972, Fujishima and Honda [17] reported on the 

journal Nature the very first research on photocatalytic H2 production through water splitting 

by exposing TiO2 electrodes under UV light irradiation. This work soon drew the attention of 

the researchers worldwide. Pioneering researches on the application of photocatalytic 

technology to convert solar energy into clean energy such as hydrogen increased significantly 

afterwards. In 1976, Carey et al. [18] found that TiO2 could decompose organic pollutants 

(polychlorinated biphenyls, PCBs) in water under the irradiation of UV light. Later in 1977, 

Bard et al. [19] also reported that TiO2 could be excited by UV light to boost the degradation 

of cyanide and sulfite in water. These two studies proved the feasibility of implementing 

photocatalytic technology in the field of environmental pollution treatment. Due to the 

excellent results in the development of photocatalytic environmental restoration, it has 

attracted widespread attention from researchers in the environmental research fields around 

the world. Photocatalytic technology has also rapidly moved from the basic theoretical 

research in laboratories to the practical applications of solving the problems of environmental 

pollution in the real-life [20]. 

1.2.2 Mechanism of semiconductor photocatalysis 

The modern photocatalysts are mainly composed by semiconductors and semiconductor 

photocatalysts are usually referred as photocatalysts in short. Compared with metal conductors, 

semiconductors have discontinuous energy bands. In the crystal of semiconductor materials at 

ground state, highest band occupied by electrons is called that valence band (VB). The lowest 

unoccupied band is called the conduction band (CB). The region without electrons between 



Chapter 1 

16 
 

the top of the semiconductor valence band and the bottom of conduction band is called the 

forbidden band. The width of this region is called the band gap width, which is expressed by 

Eg. Generally, the band gap width for a semiconductor is about 1~4 eV. Titanium dioxide 

(TiO2) [21] has proven to be one of the excellent photocatalysts for water splitting and the 

oxidative decomposition of many organic compounds. It is featured by its relatively narrow 

band gap, long lifetime of the photo-excited charge carriers, nontoxicity, environmental 

friendliness and low cost. Other common semiconductors such as ZnO, CdS, MoS2, Fe2O3, 

WO3 are also excellent candidates for photocatalysis [22-26].  

From the perspective of semiconductor photochemistry, the photocatalysts have two roles: (1) 

absorbing the solar light and convert the energy from light to electron-hole pairs; (2) providing 

active sites to catalyse the reaction. The basic mechanism of photocatalytic process involves 

five key stages, as outlined in Figure 1.1: 

(i) The energy that is equal to or greater than the band-gap energy of the semiconductor can 

be absorbed. An electron (e-) is excited from the VB into the CB, leaving a hole (h+) in the VB; 

(ii) The excited holes migrate to the surface of the photocatalyst as an oxidant to react with the 

electron donors (D);   

(iii) The excited electrons move to the surface and act as the reductant to react with the electron 

acceptors (A). The products of the initial steps are active radicals and capable of degrading 

organic pollutants; 

(iv) e− and h+ recombination on the surface;  

(v) e− and h+ recombination in bulk and dissipate energy in the form of heat or photon. 
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Figure 1.1. The scheme of the photocatalysis mechanism 

To date, the typical applications of photocatalytic redox technology includes water splitting 

for H2 production, photodegradation of pollutants and CO2 reduction to hydrocarbon fuels. In 

the following paragraph, a brief introduction is presented to describe these 3 processes.  

Thermodynamically, the overall water splitting reaction has a positive ΔG, indicating that it is 

an uphill reaction and requires energy of 1.23eV (Eq.(1.1)) [27, 28]. 

 H2O
!"#$%&'$(%()*%*!+,%
!⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯# -

.
O2 + H2; 	∆𝐺 = +237.35	kJ	mol-1  (1.1) 

Different from water splitting, the pollutant decomposition is a downhill reaction, indicating 

that such a reaction is a spontaneous process. Once the photo-induced e- and h+ reach the 

photoactive sites on the surface of the catalyst, electrons will react with the electron acceptor; 

usually the dissolved oxygen in the solution, producing ·O2
- radical anions, while holes can 

react with electron donors such as H2O or OH- to generate oxidant ·OH [29]. The strong 

oxidizing and reducing abilities of these highly active species can cause direct oxidisation of 

organic compounds to CO2 and H2O as the final products. However, in more cases, the 

intermediates of the organic compounds oxidation rather than CO2/H2O are the products due 

to the incomplete oxidation. Therefore, to enable the full oxidation of pollutants, the 

photocatalyst should have a positive enough VBM. Simultaneously, a sufficiently small 

bandgap of the photocatalyst is also necessary for an enhanced light absorption [27]. In 

summary, the chain reaction involves in the photocatalytic organic pollution degradation 

process are described by the following equations (Eq. (1.2) to Eq. (1.11)). 

(i) Generation of electron-hole pairs: 
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 Photocatalyst + ℎ𝜈	 → ℎ& + 𝑒1  (1.2) 

(ii) Reactions triggered by the holes 

 ℎ& + RH(pollutant) → RH+ (1.3) 

 ℎ+ + H2O → ∙OH + H+  (1.4) 

 ℎ& + OH- → ∙OH  (1.5) 

(iii) Reaction triggered by the electrons and the following chain reactions: 

 𝑒1 	+ 	O2 	→ 	∙O2-   (1.6) 

 ∙O2- 	+ 	H+ 	→ 	∙OOH  (1.7) 

 2	∙OOH	 → 	O2 	+ 	H2O2  (1.8) 

 H2O2 	+ 	∙O2- 	→ ∙OH	 + OH- + O2  (1.9) 

 H2O2 + 	ℎ𝜈	 → 	2	∙OH  (1.10) 

(iv) Organic pollutant degradation: 

 Pollutant + active	species	(∙OH,	h+,	∙OOH	or	∙O2- ) → 	degradation	product  (1.11) 

The three main radicals involved in the redox reaction are proton (H+), superoxide radical (·O2
−) 

and hydroxyl radical (·OH). Usually, ·OH is the main oxidant for pollutants oxidation in the 

aqueous solution [29].  

Inoue et al. [30] firstly reported the photocatalytic reduction of carbon dioxide in 1979 with 

the formation of organic compounds such as formic acid, formaldehyde, methanol and 

methane. Photocatalytic reduction of CO2 with H2O, which is known as the artificial 

photosynthesis, is considered as an ideal way to produce solar fuels and high-value chemicals. 

However, due to the high energy of the LUMO of CO2 and linear molecular structure, almost 

no semiconductor can provide sufficient potential to transfer a single photo-generated electron 

to a free CO2 molecule. The first step of direct reduction of CO2 to CO2
- requires the energy 

of -1.90 V (vs SHE) [31]. In fact, the CO2 photoreduction process is not a one-step reaction 

but involves multiple steps of proton-coupled electron transfer. By obtaining two, four, six or 

eight electrons and protons, the CO2 is reduced to HCOOH (liquid phase, E0=-0.61 V)/CO 
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(gas phase, E0=-0.53 V), HCHO (liquid phase, E0=-0.48 V), CH3OH (liquid phase, E0 = -0.38 ) 

and CH4 (gas phase, E0=-0.24 V), respectively (the reduction potentials are relative to the RHE 

at pH 7) [32]. 

1.2.3 Factors affecting the efficiency of photocatalysis  

It should be noted that the photo-excited CB electrons and VB holes can recombine and release 

another photon or heat (as described in Figure 1.1). The recombination is believed to be the 

main factor detrimental to the activity of photocatalysts [33]. Besides the photo-excited 

electron/hole pairs recombination, many other factors can affect the photocatalytic reaction 

rate too. The influential factors include bandgap, electronic structure, crystal structure, 

morphology and SSA. Besides the effects of photocatalyst properties, external reaction 

condition factors mainly include the intensity of illumination, the organic concentration for 

degradation, temperature and pH of the solution, etc. 

1.2.3.1 Semiconductor photocatalyst bandgap and the influence of band edge position 

Semiconductor adsorbs light below a threshold wavelength λg, which is related to the bandgap 

energy Eg by: 

 𝐸# = ℎ )
4!

 (1.12) 

where h  is the Planck’s constant 	(6.626 × 10156	J	s) , c	the	speed	of	light  (3.0 ×

107	m	s1-). Considering the constitution of the solar spectrum (shown in Figure 1.2), UV 

light (200-400 nm) accounts for only about 5% of the entire solar energy, while visible light 

(400-700 nm) and IR light (700-2500 nm) accounted for 47% and 48% of the total solar energy 

[34]. It can be seen that visible light and IR light are considered as the main components of 

sunlight. In general, few semiconductor photocatalyst can be excited by infrared light with a 

longer wavelength, due to its very low energy. Therefore, it is of great research value and 

practical significance to develop the photocatalysts that can be excited by visible light. 

According to the Eq. (1.12) , when 𝜆# = 400 nm, 𝐸# = 3.1 eV. Therefore, to adsorb visible 

light, the bandgap (𝐸#) of the semiconductor need to be lower than 3.1 eV.  
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Figure 1.2. Solar spectra as a function of wavelength. Reproduced from Ref. [35] with permission. 

However, as photocatalysts, the bandgap of semiconductor needs to be moderate. Because the 

positions of the CBM and VBM in semiconductor determine the reducing ability of photo-

generated electrons and the oxidizing ability of photo-generated holes, respectively. The more 

negative of the CB edge, the stronger the reduction ability the photo-generated electrons 

possess; the more positive of the VB position, the stronger the oxidizing ability the photo-

generated holes exhibit. The thermodynamically feasible photocatalytic reaction must meet 

two conditions: (1) the electron acceptor potential is more positive than the semiconductor 

CBM potential; and (2) the electron donor potential is more negative than the semiconductor 

VBM potential. Figure 1.3 shows the bandgap energy and band edge positions of common 

semiconductors with selected redox potentials. 

Taking photodegradation of pollutants as an example, if the photocatalyst CBM potential is 

more negative than the potential of E0 (O2/·O2
-) = -0.33 eV (vs. NHE at pH=7), oxygen will 

be reduced as an electron acceptor to generate superoxide radicals (·O2
-) [36]. If the VBM 

potential of semiconductor photocatalyst is more positive than the potential of E0 (·OH/OH-) 

= +2.38 eV or E0 (·OH, H+, H2O) = +2.72 eV, photogenerated holes (h+) can oxidize OH- or 

H2O adsorbed on the surface of a photocatalyst to ·OH [37]. As already mentioned, the 

generated ·O2
-, ·OH and photogenerated h+ are the main participators in the degradation of 

environmental pollutants. 

From the above description, it can be seen that the redox capabilities of semiconductor 

photocatalysts compete with their light absorption ability. If the light absorption ability 

increases, the redox capabilities of its photo-induced electrons/holes decrease. On the contrary, 

with redox capability increasing, the light absorption ability decreases. Therefore, it is 

important to balance these parameters and find the optimal electronic structure for 

photocatalysts.  
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Figure 1.3. Band gap energy, VB and CB for a range of semiconductors on a potential scale (V) versus the normal 
hydrogen electrode (NHE). Reproduced from ref. [38] with permission. 

1.2.3.2  The lifetime of photogenerated carriers  

As emphasized in the previous section, the recombination of photo-induced electron/hole pairs 

is the main reason retarding the photocatalytic activity. Therefore, the key to the development 

of high-performance photocatalysts is to suppress the recombination. It has been proven that 

the charge carrier separation efficiency is closely related to the crystal structure of the 

semiconductor, the existence of co-catalysts and the microscopic surface structure of the 

catalyst. But the detailed mechanisms underpinning the strategies to promote the electron-hole 

pairs separation are still ambiguous. To date, in order to maximise the usage of photo-

generated carriers and enhance the photocatalytic reaction rate, an additional trapping agent is 

often added during the photocatalytic reaction. The trapping agent is used to quench one kind 

of the charge carriers, as the result, the other kind of charge carriers can survive with longer 

lifetime. The most commonly used scavengers are presented as following: h+ scavengers 

including EDTA-2Na, ammonium oxalate (AO), potassium iodide, light aliphatic alcohol, 

triethanolammonium, citric acid, etc.; e- scavengers including silver nitrate, hydrogen peroxide, 

ozone, SF6 and potassium bromate. In addition, to investigate the pathway of the 

photocatalytic reaction, trapping agents to fast consume a specific kind of photo-reaction 

radicals are often used. For example, ·OH capture agents mainly include isopropyl alcohol 

(IPA), Tert-butanol (TBA), etc.; O2
- capture agent is p-benzoquinone (BQ). 
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1.2.3.3 Effect of crystal structure 

It is generally believed that the degree of crystallization of the semiconductor catalyst strongly 

affects the rate of charge carriers migration. The higher the degree of crystallization, the faster 

the charge carriers migrate in the catalyst, and the chances for the recombination become low. 

Samples with higher crystallinity with fewer defects and less scattering to the electron 

transport process, leading to a higher transfer rate. Besides the crystallization degree, the 

crystal structure is also one of the factors affecting the photocatalytic activity of the 

photocatalyst. For example, the most widely used n-type semiconductor photocatalyst, TiO2, 

has two common crystal phases: anatase and rutile. Both rutile and anatase TiO2 belong to the 

tetragonal system, but their electronic structures are different. The researches show that the 

band gap width of the rutile type is 3.0 eV, which is slightly smaller than 3.2 eV of the anatase 

type [39, 40]. In terms of band gap width, the corresponding light adsorption range of rutile 

TiO2 is slightly larger than that of anatase. However, under UV light irradiation, the anatase 

exhibits higher photocatalytic activity than the rutile. It is because the anatase and rutile TiO2 

exhibit indirect and direct bandgap electronic structures, respectively [41]. Since the 

recombination of e- and h+ in the indirect bandgap structure needs extra assistance from phonon, 

the photo-induced charge carriers lifetime in anatase is significantly longer than in rutile [42, 

43]. In addition, studies have shown that different crystal planes have different photocatalytic 

activities, even in the same crystal phase. If the proportion of crystal planes with high 

photocatalytic activity is increased, the catalytic activity of semiconductor photocatalysts can 

be improved. For example, the photocatalytic activity of the (001) crystal plane of bismuth 

oxychloride (BiOCl) is higher than that of other crystal planes. Increasing the proportion of 

the (001) crystal plane also significantly improves its photocatalytic activity. Similar 

phenomena exist in other semiconductor photocatalysts too [44-46]. 

1.2.3.4 Particle size and specific surface area 

Particle size and SSA are also important factors affecting the photocatalytic activity of 

semiconductor photocatalysts. When the semiconductor photocatalyst particle size becomes 

smaller, its photocatalytic activity usually becomes higher. The main reasons are summarized 

as the following: 

(1) Comparing with bulk semiconductor materials, nanoscale semiconductor materials have a 

widened band gap [47, 48]. Because the less atoms in the nanoscale crystal will narrow every 

electronic band and result in an enlarged gap between bands [49]. The VB and CB are more 

separated and the absorption band edge undergoes a "blue shift" (the absorption band moves 
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in the short-wave direction). As a result, the redox capacity of the photogenerated carriers is 

enhanced. 

(2) The nanoscale semiconductor particles can promote the transport of photogenerated 

carriers from the bulk to the surface due to the shorter transport distance [50]. Therefore, the 

improved photocatalytic activity can be achieved by lowering the probability of photo-

generated e-/h+ pairs recombination [51, 52]. 

(3) The nanoscale nanoparticles are expected to have enlarged SSA. A significantly large SSA 

will result in the enhanced pollutants adsorption and the increases of active sites on the 

photocatalyst surface. Therefore, the catalytic activity of the nano-semiconductor 

photocatalyst is increased [53]. 

1.2.3.5 External influence factor 

The activity of photocatalyst is not only related to itself but also to many external reaction 

conditions [29]. Firstly, according to the Arrhenius equation (Eq.(1.13)), the reaction 

temperature is an important factor affecting the photocatalytic reaction rate [54]. 

 𝑘 = 𝐴𝑒−𝐸𝑎/𝑅𝑇  (1.13) 

Secondly, the pH of the system mainly affects the photocatalytic activity of the photocatalyst 

in the following two aspects: on the one hand, changing the pH of the system can change the 

surface charge of the semiconductor and affect its ability to adsorb reactants [55]; on the other 

hand, the pH of the system also has a significant impact on the molecular configuration of 

some organic pollutants adsorbed on the active sites [56]. Therefore, changes in pH will have 

different effects on the degradation of different pollutants from case to case. Thirdly, an 

external field such as an electric field can promote the photocatalytic degradation of pollutants. 

For example, an external electric field can be built by adsorbing polarized molecules on the 

semiconductor surface, and the enhancement is attributed to the promoted directional 

separation of photogenerated carriers under the external electric field [57, 58]. Fourthly, the 

additives (H2O2, Fenton, S2O8
2-, etc.) can also promote the photocatalytic degradation of 

pollutants [59-61]. In addition to their capability of directly oxidizing some organic pollutants, 

these additives can also interact with photo-generated carriers to form more strongly oxidizing 

active species. Therefore, they can improve the photocatalytic activity of the system. The last 

point, the concentration of organic pollutant also significantly affects the degradation rate [62]. 
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1.2.4 Materials design strategy to improve photocatalytic activity 

1.2.4.1 Doping 

Doping has been proven as an effective way to improve the photocatalytic performance of 

catalysts by modifying the electronic structure [63, 64]. The promotion effects of doping on 

photocatalytic activity can be summarized as the following aspects. 

Firstly, the doping can reduce the bandgap of the semiconductor and enhance the utilization 

of the solar light. Many promising photocatalysts are relatively wide-bandgap semiconductors 

such as TiO2, ZnO and their UV range adsorption band hampers the full utilization of the solar 

spectrum. By adding the dopants into the crystal of the semiconductor, additional energy level 

derived from dopants can effectively reduce the bandgap. For example, Zhang et al. [65] 

reported the C doping into the monolayer of WS2 via the plasma-assisted method. The bandgap 

of WS2 reduced from 1.98 to 1.93 eV and a p-type conductivity was achieved. In addition to 

the single kind of dopants, the co-doping techniques have been proven successful too. Na 

Phattalung et al. [66] doped V-N pairs into the lattice of anatase-TiO2 and reduced the bandgap 

by ~0.5 eV. The doping atoms are not limited to be heteroatoms different from the formula of 

the semiconductor. The self-doping strategy has also been proven effective. Ti3+ self-doped 

TiO2 has been reported by Mao et al. [67] and the enhanced performance of photocatalytic 

N2H4 reduction is attributed to the increased solar light adsorption.  

Secondly, the doping could adjust the band edge positions to meet the requirement of 

interested reaction. For instance, the CBM is often lifted by doping to enhance the CO2 

reduction capability and VBM is often reduced to enhance the performance of pollutants 

oxidation. There is a general relation between the dopants and energy band edge position 

adjustment. Here, the TiO2 is taken as an example for explanation. The VB and CB of TiO2 

are usually composed by 2p-orbitals of O atoms and d-orbitals of Ti atoms, respectively. 

Therefore, when anion dopants have 2p orbitals more negative than the O 2p orbital in the 

energy, the VBM will be lifted to the negative direction with a decrease in the oxidation 

capability. It is because the p orbital of anion dopants having energy levels higher than the O 

2p-orbital energy will hybridize with O 2p-orbitals forming a more negative O 2p-orbitals as 

the VB. On the contrary, if the 2p-orbital energy of anion dopants is lower than O 2p, the VB 

will be shifted to the positive direction. The cation doping follows the same rule. When doping 

cations (usually transition metal elements) into the TiO2 with higher energy d-orbital than Ti, 

the hybridization will move the CB of TiO2 to the negative direction, which enhances the 
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reducibility of the TiO2. The cation dopants with lower d-band energy than Ti will make the 

VB more positive.  

The last important effect of doping is the suppression of the recombination of photo-induced 

charge carriers. The mechanism of the recombination suppression is due to the trapping effects 

of dopant energy level in the electronic structure. The photogenerated charge carriers can be 

temporarily trapped by these dopant energy levels before recombination, which results in a 

remarkably longer carrier lifetime [68, 69]. However, an over-doped semiconductor can show 

more severe recombination since the dopants can also play the role as the recombination centre. 

1.2.4.2 Vacancies engineering 

Besides doping, introducing atom vacancies in the semiconductor is another effective way to 

improve the photocatalytic performance. In oxides, the O vacancies are usually the intrinsic 

defect. For instance, the TiO2 and ZnO are intrinsic n-type semiconductors due to the existence 

of O vacancies in the lattice [70, 71]. The oxygen vacancies can introduce extra electrons 

localized at the defects and acting as the active sites for photocatalytic reaction. Recently, O 

vacancies with concentration much higher than the intrinsic concentration are introduced to 

the oxides, which has been proven as an effective way to improve the photocatalytic 

performance. Chen et al. [72] for the first time reported the H2 treatment method to synthesize 

TiO2 in black colour. Comparing with pristine TiO2 only absorbing UV light, the black-TiO2 

shows the broad light absorption from UV to IR. The huge amounts of surface defects are 

ascribed to the significantly enhanced photocatalytic water splitting performance. Following 

this pioneering work, Wang et al. [73] reported a similar phenomenon that the TiO2 nanotubes 

can turn to blackish after H2 treatment. The abundance of VO was ascribed to explain the 

remarkably narrowed bandgap. The detailed effects of abundant VO on the electronic structure 

were investigated by Naldoni et al. [74] via the combination of experiments and DFT 

calculations. Their results indicated that the black-TiO2 shows the structure constituted by a 

crystalline but reduced core and disordered but stoichiometric shell. It is generally believed 

that the oxygen vacancies in bulk and on the disordered surface contribute together to the 

narrowed bandgap and black-colour appearance: the disordered surface causes the tailing of 

the VBE and the oxygen vacancies introduce mid-gap defect energy level. 

Although less common than the anion vacancies [75, 76], the transition metal vacancies 

introduction is also effective to tune the electronic structure and optimize the photocatalytic 

performance. The Ti vacancies engineering was firstly reported by Wang et al. [77] in TiO2 to 

enhance the photocatalytic performance. The Ti0.905O2 was synthesized via the solvothermal 
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method under the assistance of glycerol. A p-type conductivity feature was observed and the 

photocatalytic degradation activity increased by 7 times. The same group also reported the p-

type ZnO with abundant Zn vacancies using the same synthesis strategy [78]. The transition 

metal vacancies are formed easier in low-dimensional materials than conventional 

nanoparticles. Guan et al. [79] reported a triple-vacancy-associates: VBi
‴VO

••VBi
‴ formed on 

ultrathin BiOCl, which exhibited significant improvement on visible-light-driven RhB 

degradation. Bi vacancies engineering was also reported by Zhu et al. [80] in BiPO4 nanorods. 

A mechanical vacancies creation mechanism was proven by the introduction of Bi vacancies 

via ball milling method with controllable concentrations. 

1.2.4.3 Dye sensitization 

Photosensitization is an effective strategy to expand the absorption of visible light of 

semiconductors. The dye added to the surface of the semiconductor can absorb visible light 

and reach an excited state. The presence of photosensitizers can effectively expand light usage 

by semiconductors [81, 82]. In the photocatalytic reaction, the photosensitizer needs to meet 

the following condition in order to function properly: the HOMO position of the 

photosensitizer is more negative than the CBE of the modified semiconductor. In this case, the 

electrons generated under photoexcitation can be injected to the CB of the semiconductor and 

participates in the photocatalytic reaction. 

Commonly used photosensitizers include phthalocyanine dyes [83-85], fluorescent pigment 

derivatives [86, 87], and pyridine complexes of ruthenium [88]. Li et al.[82] showed that ISQ-

sensitized TiO2 nanoparticles significantly expanded the light response in the visible light 

region, and their photocatalytic activity was significantly enhanced under visible light 

irradiation. In such system, the ISQ dye on the TiO2 photosensitive surface can be easily 

excited from the ground state (D) to the excited state (D*) with the help of visible light. 

Following the injection of electrons into the CB of TiO2, this excited state dye material can be 

converted into a semi-oxidized free radical cation (˙D+) because the LUMO energy level of 

the ISQ dye and the IQ dye matched well. The CB of TiO2 is therefore conducive to charge 

transfer. Free radicals are then generated through a series of protonation and reduction steps. 

As reported by Shang et al.[89], the enhanced photocatalytic activity of dye-sensitized TiO2 

can be attributed to the wider light absorption spectral range and the direct transfer of electrons 

from the excited state of the dye molecule to the CB of TiO2.  
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1.2.4.4 Heterostructure 

The heterojunction is one of the hottest topics in the photocatalysis research field in recent 

years. The main purpose to build up the heterostructure is to efficiently separate the 

photogenerated electron-hole pairs and suppress the recombination. The construction of 

heterostructure is to combine semiconductors with a secondary substance (metal, other 

semiconductors, etc.) with good contact. The better electron-hole separation efficiency ensures 

the heterostructured catalyst exhibiting better catalytic performance than the single-component 

catalyst. 

Heterostructure built between two kinds of semiconductors has been proven as a successful 

design for high-performance photocatalysts. Classification by semiconductors band alignment 

situation, the coupled composites can be categorized to three types: Type I with a straddling 

gap, Type II with a staggered gap and Type III with a broken gap (illustrated in Figure 1.4) 

[90]. In detail, for the type I band alignment, the VB and CB potentials of the smaller band 

gap semiconductor 2 are both confined within the larger band gap of semiconductor 1, forming 

a straddling style alignment. Therefore, under light irradiation with sufficient energy equal to 

or greater than the band gap of the semiconductor 1, photo-generation of electron-hole pairs 

can be generated. Due to the more negative CB and more positive VB of semiconductor 1 than 

semiconductor 2, both the photo-induced electrons and holes will transport into the CB and 

VB of semiconductor 2. Because charge carriers accumulate in the semiconductor 2, there is 

no significant overall enhancement of charge separation, which results in no enhancement on 

the photocatalytic activity. Moreover, the oxidizing and reducing abilities of the photocatalyst 

decrease too. Therefore, type I heterojunction should be avoided. As for the type II 

heterojunction, the chemical potential between semiconductor 1 and semiconductor 2 forms 

an upwards and downward band bend. The band edge potential is staggered between the two 

semiconductors, causing photogenerated charge carriers migrate to the opposite directions [91], 

which preventing recombination and extending the lifetime of the electrons and holes. 

Oxidation and reduction reactions occur independently on semiconductor 1 and semiconductor 

2, respectively. Type II heterojunction is the most popular heterojunction because of the 

significantly enhanced electron-hole spatial separation. As for the type III heterojunction, 

obviously, both VB and CB edges of a semiconductor 2 are located above the CB potential of 

semiconductor 1 without crossing each other. There is no charge carrier transport between the 

heterojunctions, and it is equal to two independent semiconductors. 
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Figure 1.4. Schematic energy band diagram of three different types of heterojunctions in a typical semiconductor 
hybrid nanocomposite: (a) Type I heterojunction, (b) Type II heterojunction, and (c) Type III heterojunction. A and 
D denote electron acceptor and donor 

The p-n heterojunction is the heterostructure formed by combining the p and n-type 

semiconductors together (as shown in Figure 1.5 (a)). The p-n heterojunction attracts a lot of 

interests in this research field due to its inner electric field crossing the interface, which 

effectively promotes charge carriers separation [92]. According to the relative positions of the 

VB and CB band of each semiconductor, photogenerated electrons are transferred from the 

CB of the p-type semiconductor to the n-type semiconductor CB. At the same time, the holes 

in the n-type semiconductor VB will transport to the p-type semiconductor. As the built-in 

electric field points from n-type to p-type, which is opposite to the photo-induced electron 

transport direction and same with photo-induced hole transport direction, the separation and 

transport of photo-generated carriers are accelerated and high efficiency is achieved. The 

build-in electric field has shown a remarkable effect on improving the photocatalytic 

performances [93-95].  

Another emerging heterostructure design is called the Z-scheme heterostructure (as shown in 

Figure 1.5 (b)). As described in the former paragraph, though the conventional type II can 

achieve an enhanced electron/hole separation between the interface, the improvement comes 

with a compromise with decreased reducing and oxidizing ability. Aiming to address this issue, 

the characteristic feature of the Z-scheme heterostructure is the recombination between the 

hole in VB of semiconductor 1 and electron in CB of semiconductor 2. This design not only 

ensures a high charge carrier separation efficiency but also retains the high oxidizing and 

reducing potentials. To date, the Z-scheme design has been developed into the 3rd generation, 

the direct Z-scheme. Different from the 1st generation Z-scheme using redox ions in aqueous 

solution to transport charges and 2nd generation using a conductive interface between 

semiconductors, the 3rd generation Z-scheme is featured by a direct charge transport across the 

interface [96-98]. The success of direct Z-scheme heterostructure is based on the careful 

selection of semiconductor materials to achieve a proper band alignment and inner electric 

field. 
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Figure 1.5. Scheme of (a) p-n type heterojunction and (b) Z-scheme heterojunction. 

1.2.4.5 Coupling with π-conjugation materials 

Establishing heterostructure with π-conjugated materials is an effective method for the 

modification of wide band gap semiconductors. The π conjugated structural materials 

including g-C3N4, graphene, C60, polyaniline and polypyrrole (PPy) have been proven as 

effective co-catalysts for semiconductor. The main feature of π-conjugated electronic 

structures is the efficient transportation of charge carriers. Some π-conjugated materials can 

also be excited by incident light, which further enhances the photocatalytic performance of the 

system [99].  

In Ni et al.’s work [100], graphene was strongly wrapped on the TiO2 surface by hydrothermal 

method. A strong interaction between the carbon atoms and TiO2 surface was built up with the 

formation of Ti–O–C chemical bonds. As the result, graphene-TiO2 showed a strong redshift 

of the light absorption band and good photocatalytic performance even under visible light 

irradiation. C60 with unique electronic configuration and performance has been extensively 

investigated as co-catalysts, too. C60 has a closed-shell configuration consisting of 30 bonded 

molecular orbitals constituted by 60 π-electrons, which can effectively cause fast 

photogenerated charge separation and relatively slow charge recombination [101]. Fu et 

al.[102] proved that C60 hybridized ZnO could extend the light absorption of ZnO to the visible 

light range. The C60 also showed the ability to inhibit the photo-corrosion of ZnO. The authors 

claimed that it was because the C60 as co-catalysts could lower the activation energy of surface 

oxygen molecules. Due to the conjugated π electronic structure of C60, a higher photoelectron 

migration efficiency was achieved at the interface between C60 and ZnO, which led to high 

efficiency in photo-induced electron/hole separation.  
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1.2.4.6 Other modification techniques 

Besides all the strategies mentioned above, another method being able to enhance the 

photocatalytic activity of a semiconductor is to control its size, shape and crystalline degree. 

Altering the crystal shape with most active facets allows for a more efficient photocatalyst 

[103]. In addition, the photocatalytic activity can also be enhanced by achieving a highly 

crystalline structure as it increases the mobility of the excited charge carriers in comparison 

with an amorphous structure. Modification of surface functional group is another method to 

improve the photocatalytic performance [104-106]. For example, He et al. [107] reported an 

investigation on sulphuric acid modified TiO2 nanosheets. It was concluded that the enhanced 

performance was due to the formation of oxygen vacancies, improved absorption capacity and 

promoted ·OH oxidation on the surface. Acid modifications were also found to lead to surface 

protonation, which was thought to increase the lifetime of the charge carriers.  

1.3 Recent developments of g-C3N4 as photocatalysts 

1.3.1 Introduction  

In the past few decades, the most studied photocatalysts are mainly oxide semiconductor 

photocatalysts, but these oxides have the disadvantages of relatively high cost and poor acid 

and alkali resistance, which severely limits their practical application. The metal-free polymer 

graphite carbon nitride (g-C3N4), reported by Wang et al. [108], has become an attractive 

candidate in the visible-light-driven photocatalytic field for its unique properties. g-C3N4 is 

featured by its metal-free composition, non-toxicity, narrow bandgap (~2.7 eV and varies 

slightly due to different preparation method), proper CBE position, environmental friendliness 

and high chemical stability. 

The researches on carbon nitride materials can be traced back to 1834. Berzelius synthesised 

a polymer derivative composed of carbon and nitrogen. This yellow, amorphous, and insoluble 

product was later named "melon" by Liebig et al. [109]. Liebig discovered melamine, melam, 

melem, and melon, which were recognized as heptazine- and triazine-based molecular 

compounds. In the following century, many types of researches have been done on the 

synthesis, design and application of these carbonitride polymers. In 1922, Franklin et al. [110] 

used mercury thiocyanate as a precursor to synthesize an amorphous carbon nitride by 

pyrolysis. The preliminary verification proved the polymer was chemically composited by 

"melon", and also found that such polymers contained about 1.1% -2.0% hydrogen. In 1937, 

Pauling and Sturdivant demonstrated coplanar tri-triazine units as basic elementary structural 
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patterns of various polymer derivatives through X-ray crystallographic studies [111]. 

Subsequently, Redemaim et al. [112] found that "melon" was not composed of a single 

structural unit, but a carbon-nitrogen polymer derivative composed of different polymers. 

Later, researchers tried to synthesize carbon nitride with a well-defined crystal structure 

through various efforts but failed. Because of the chemical inertness and insolubility of such 

polymers, researchers had not been able to determine their chemical structures. These 

polymers then were forgotten in the following decades. Until the end of the 1993, Liu and 

Cohen [113] replaced the Si atoms in sp3-hybridized Si3N4 (denoted as β-C3N4) crystals with 

C atoms to construct the β-C3N4 model in the ab initio calculations. As a result, they predicted 

the β-C3N4 exhibited excellent thermal conductivity and hardness, which was even higher than 

diamond. This prediction made a large number of works focus on the design and synthesis of 

high hardness β-C3N4. In 1996, Teter and Hemley proposed through theoretical calculations 

that there were generally seven phases of C3N4, which are α-C3N4, β-C3N4, cubic C3N4 (c-

C3N4), pseudo-cubic C3N4 (p-C3N4), g-h-triazine with band gaps of around 5.49, 4.85, 4.30, 

4.13, and 2.97eV, respectively. The g-C3N4 was the only soft phase among these super hard 

phases, but it was the most stable one at room temperature [114]. The utilization of g-C3N4 in 

the heterogeneous catalysis research field started more than 10 years ago in 2006 [115]. In 

2009, Wang et al. [108] found that g-C3N4 exhibited a high activity of water splitting to 

produce hydrogen under the excitation of visible light with Pt as the co-catalyst. Since then, 

the researches on the photocatalytic performance of g-C3N4, the polymeric conjugated 

semiconductor booms. 

g-C3N4 has a layered structure similar to graphite, and the layers are held together by van der 

Waals force. The structure of a single layer is a hexagonal structure composed of σ bonds 

formed by sp2 hybridisation between C and N atoms [116, 117]. At the same time, the lone 

electron pairs in the pz orbits of the C and N atoms form a large π-bond aromatic conjugate 

structure similar to the benzene ring. The researchers further analysed the structure through 

theoretical calculations and found that the HOMO of g-C3N4 was composed of the pz orbit of 

the N atom, and the LUMO was composed of the pz orbit of the C atoms hybridized with p 

orbital of N atoms. The electronic structure that N atom contributed to both the HOMO and 

LUMO leading to the weak delocalization of the large π-bond. The high photocarrier 

recombination rate can be attributed to this structure, which was deemed as the main reason 

retarding the photocatalytic activity of pristine g-C3N4 [118, 119]. In addition, theoretical 

calculations showed that the VB position of g-C3N4 was approximately at 1.40 eV and the CB 

position was at approximately -1.30 eV vs. SHE [120]. The proper positions of the VB and 

CB enable g-C3N4 to drive the hydrogen and oxygen evolution reactions of water under light 
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irradiation. The relatively narrow bandgap of 2.7 eV ensures g-C3N4 responsible to visible 

light up to 460 nm.  

Generally, there are two arguments about the elementary structural motif of g-C3N4: one is 

triazine (C3N3) and the other is tis-s-triazine/heptazine (C6N7), as shown in Figure 1.6 [121]. 

Kroke et al. [122] used density functional theory (DFT) to perform theoretical calculations for 

the above two units. The results showed that the heptazine structural unit was more stable than 

the triazine structural unit. At present, the basic structural unit of g-C3N4 is considered to be a 

tis-s-triazine structure in most of the reported works. 

 

Figure 1.6. (a) Triazine and (b) tri-s-triazine (heptazine) structures of g-C3N4. 

The preparation of g-C3N4 can be easily achieved by using a low-cost thermal condensation of 

nitrogen-rich precursors such as cyanamide, melamine, urea, and so forth. However, the g-

C3N4 synthesized via this conventional method shows very limited SSA. And the fast 

recombination of photo-generated electron-hole pairs causes severe detrimental effects on the 

photocatalytic activity of g-C3N4. To address these challenges, many attempts have been 

carried out to optimise the synthesis of g-C3N4. Additionally, designing heterostructures by 

forming semiconductor/semiconductor interface or loading co-catalysts (e.g. metal cluster, 

carbon quantum dots, graphene) on g-C3N4 has also been proven effective to improve the 

lifetime of photo-induced charge carriers. Two categories of elemental doping, mainly non-

metal doping and metal doping have been extensively investigated too. In the following 

paragraphs, the synthesis methods and strategies to improve the photocatalytic performance 

of g-C3N4 are summarized and reviewed.   
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1.3.2 Synthesis methods of g-C3N4 

1.3.2.1 Thermal polymerization method 

As the most conventional method for g-C3N4 synthesis, the thermal condensation method is to 

thermally induce a series of polycondensation reactions of precursors of C and N sources to 

form g-C3N4. Due to its simple pathway, low-cost and the good g-C3N4 crystallinity, it has 

become the most prevailing method for the preparation of g-C3N4 as photocatalysts in the 

literature.  

Although the thermal polymerization experiment is simple to conduct, the molecular level 

understanding of the reaction is quite complicated. Thomas et al. [123] have used the first 

principle calculation and differential scanning calorimetry to carry out a detailed study on the 

thermal condensation of cyanamide to g-C3N4. As shown in Figure 1.7, according to the 

experimental results, it is inferred that cyanamide polymerizes to form cyanoguanidine at 

about 150 °C. When the temperature rises to about 240 °C, dicyandiamide or cyanamide can 

be polycondensed to melamine. With further increase in temperature to about 350 °C, 

melamine or dicyandiamide undergoes thermal polycondensation to melamine dimer (melam) 

and emits gaseous ammonia. The melamine dimer will undergo further thermal 

polycondensation and deamination to form the g-C3N4 structural unit 3-s-triazine (melem) at 

~390 °C. When the temperature reaches 500 °C, melem will further undergo thermal 

decomposition, polycondensation and deamination to yield a carbon-nitrogen polymer 

compound melon with a higher degree of polymerization. These polymer compounds undergo 

further polycondensation and deamination at a temperature above 520 °C to produce g-C3N4 

with a high degree of polymerization. This kind of structure can stay stable below 600 °C. 

Above 600 °C, g-C3N4 will start to decompose to generate nitrogen and cyano fragments. 

When the temperature reaches 750 °C, g-C3N4 will completely decompose. 
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Figure 1.7. Reaction pathway for the formation of g-C3N4 starting from cyanamide 

Besides cyanamide, dicyandiamide, and melamine as the conventional precursors for the g-

C3N4 synthesis, urea and thiourea, which are oxygen or sulphur-containing compounds, have 

also been thermally transformed into g-C3N4 [124, 125]. After analysing and summarizing the 

results, the proposed thermal polycondensation of urea and thiourea are shown in Figure 1.8. 

Urea and thiourea are all polycondensed to g-C3N4 through the melamine as the intermediate. 

Due to more gases eluted during the synthesis, the prepared g-C3N4 using urea or thiourea 

shows larger SSA than melamine (or cyanamide, dicyanamide)-derived g-C3N4. However, the 

SSA of urea or thiourea derived g-C3N4 is still lower than 100 m2 g-1. 
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Figure 1.8. The scheme of self-polymerization of urea and thiourea into a g-C3N4  

Due to different precursors used as C/N sources and slight differences in preparation 

conditions, generally g-C3N4 can be divided into C-rich g-C3N4 (C/N: 1-5) and N-rich g-C3N4 

(C/N: 0.6-1) according to the C/N ratio in the polymer. Using carbon tetrachloride and 

ethylenediamine as precursors, C-rich g-C3N4 was obtained after low-temperature 

polycondensation at about 90 °C and then high-temperature polycondensation at about 600 °C. 

It was found that graphitic carbon was obtained in this experiment. The degree of crystallinity 

was low according to XRD results [126, 127]. If urea, cyanamide, dicyandiamide, melamine, 

thiocyanic acid or other N-rich precursors pre-polycondensed into a triazine structure at low 

temperature and further subjected to high-temperature polycondensation above 500 °C, N-rich 

g-C3N4 with higher polymerization degree and crystallization degree was obtained [128-130]. 

Nowadays, g-C3N4 is generally referred to as N-rich g-C3N4, which is close to the ideal, fully 

condensed g-C3N4 with C/N ratio of 0.75.  

1.3.2.2 Solvothermal synthesis method 

In addition to synthesizing g-C3N4 by thermal polycondensation, g-C3N4 can also be prepared 

by solvothermal reaction. Moreover, the solvothermal method has the characteristics of good 

uniformity of products and controllable synthesis condition. And the reaction can be carried 

out at a relatively low temperature. As the result, the morphology, size and structure of the 

prepared g-C3N4 are controllable.  

At first, the solvothermal method was mainly used to explore the synthesis of β-phase super 

hard C3N4. For example, in 1999, Zhu et al. [131] prepared a series of β-phase and α-phase 

C3N4 by using benzene as the solvent, cyanuric chloride (C3N3Cl3), and lithium nitride (Li3N) 

as raw materials at different reaction temperatures and soaking time. Subsequently, Montigaud 

et al. [132] prepared g-C3N4 using hydrazine (N2H4) as solvent and melamine as raw material 

under high pressure of 3 GPa and high temperature above 850 °C. In 2003, Bai Y.J. et al. [133] 
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used simple carbon tetrachloride and ammonium chloride as raw materials. The raw materials 

reacted at 400 °C for 20 hours under solvothermal condition to successfully obtain g-C3N4 

with good crystallinity at the reduced reaction temperature. Gao et al. [134] further reduced 

the synthesis temperature by using benzene as the solvent, melamine chloride and sodium 

amine as the raw materials. It is reported after the solvothermal synthesis at 180-220 °C for 8-

12 hours, g-C3N4 hollow spheres and hollow tetragonal crystals with high crystallinity were 

successfully prepared. Later on, Guo et al. [135] replaced sodium amide with sodium azide in 

the solvothermal synthesis at 220 °C for 15 hours and achieved a better morphology selection 

to hollow sphere. In 2012, Wang et al. [136] reported the successful synthesis of g-C3N4 in 

uniform nanorod shape by using acetonitrile as the solvent, melamine and cyanuric chloride 

as the reactants at 180 °C. The SSA and light absorption of g-C3N4 nanorods are significantly 

higher than those of bulk g-C3N4. The band gap width of the prepared g-C3N4 nanorods was 

also reduced. Photocatalytic performance experiments also suggested that the performance of 

g-C3N4 nanorods under visible light for photocatalytic hydrogen production and photocatalytic 

degradation of 4-chlorophenol was higher than that of bulk g-C3N4. Gu et al. [137] prepared 

g-C3N4 microspheres by a template-free solvothermal method followed by post-calcination in 

Ar atmosphere. The prepared porous microspheres exhibited larger SSA, stronger visible light 

absorption and suppressed electron-hole recombination. The prepared g-C3N4 porous 

microspheres showed 2.3 times apparent quantum efficiency of bulk g-C3N4 in photocatalytic 

H2 production. 

1.3.2.3 Molten salts method 

Different from the conventional thermal polymerization method that the thermal condensation 

process takes places at static air atmosphere, molten salts synthesis method conducts this 

process in eutectic salts mixture in the liquid phase. Due to the enhanced dispersion of 

reactants, modification effects of salts, the g-C3N4 synthesized via molten salts method shows 

unique properties. The molten salts have a long history being used as solvents in research and 

industry. For example, molten salts have been used as reaction media for various organic and 

inorganic reactions [138, 139] as well as media for crystal growth. Various melted salt systems 

have also been widely used as high-temperature liquid electrolytes in batteries [140] and 

electrolytic metals refractory [141, 142]. Since many salts are soluble in water by their nature, 

molten salts have the advantage of being easily separated from the solid products. In the 

specific case of g-C3N4 synthesis, Bojdy et al. [143] reported the synthesis of crystalline g-

C3N4 using eutectic LiCl-KCl mixture in 2008. The salts mixture was identified as a good 

medium for dicyandiamide condensation owing to its thermal stability, non-corrosive 



Chapter 1 

37 
 

properties and its melting point below the polycondensation temperature of tri-s-triazine. 

Besides providing a unique inert atmosphere for the reaction, Zhao et al. [144] used KCl-LiCl 

eutectic mixture to prepare bandgap tunable, K-Na co-doped g-C3N4 from melamine. The 

authors also mentioned that molten salt could be used as a soft template to introduce micro-

meso pores into the bulk g-C3N4. In recent years, researchers also mixed hard-templates (such 

as silica [145], Al2O3 [146]) with various precursors (3,5-diamino-1,2,4-triazole and 3-amino-

1,2,4-triazole-5-thiol [147]), and secondary semiconductors [148-150] to synthesize g-C3N4 

via molten salt method. 

In addition to direct synthesis of g-C3N4 in melted salts mixture, the eutectic molten salts are 

also used as the media for post-treatment of preliminary polymerized g-C3N4. Zhang et al. 

[151] synthesized highly crystalline g-C3N4 by post-annealing co-condensed urea and oxamide 

in molten salts. The optimal sample reaches 57% apparent quantum yield for H2 production at 

420 nm. Similarly, Lin et al. [152, 153] reported that the post-treatment in molten salts can 

increase the crystalline degree of prepared g-C3N4. The increased crystalline degree will 

enhance the photo-induced charge carriers transportation and suppress the recombination. 

Additionally, Liu et al. [154] took advantage of LiCl-KCl eutectic mixtures to introduce N 

vacancies into the g-C3N4.  

1.3.3 g-C3N4 based heterojunction photocatalysts 

The strategy to build semiconductor heterostructures is an effective way to increase the 

photocatalytic performance. The mechanism underpins this strategy includes the broadening 

light absorption range, suppressing the recombination of electrons and holes etc. In this section, 

the recent progresses on g-C3N4 based heterostructure design are summarized and reviewed.  

1.3.3.1 The heterostructure between g-C3N4 and semiconductors 

As briefly introduced in section 1.2.4.4, the heterostructure between two semiconductors can 

be generally classified into 3 types. Since only the type II heterostructure benefits to the 

photocatalytic performance, most of the researches working on the heterostructure between g-

C3N4 and another semiconductor on pollutant photodegradation are based on this type II design. 

Dong et al. [155] reported the in-situ synthesis of type II g-C3N4/g-C3N4 heterostructure and 

its photocatalytic NO degradation performance. By co-calcination of urea and dicyandiamide, 

the type II heterostructure was achieved. Since the dicyandiamide-derived g-C3N4 possessed 

the more negative CBE and VBE than the urea-derived g-C3N4, the CBE and VBE between 

these two g-C3N4 showed the discrepancies of 0.04 and 0.36 eV respectively. TiO2/g-C3N4 is 
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another well-documented type II heterostructure with photo-induced electrons flowing from 

g-C3N4 to TiO2 and photo-induced holes flowing inversely [155-158]. Recently, Wang et al. 

[159] investigated the g-C3N4/TiO2 interface with both experimental and theoretical methods. 

It was found that the charge separation efficiency was g-C3N4 layer thickness dependent. The 

optimal heterostructure showed the 7.2 times phenol photodegradation performance of the 

bulk g-C3N4. ZnO/g-C3N4 is another typical type II heterostructure design [160-164] for 

pollutants photodegradation. Wang et al. [165] further expanded the understanding of the 

electronic structure between ZnO and g-C3N4. It was found by the authors that a direct Z-

scheme heterostructure could be formed when ZnO possessed abundant oxygen vacancies. 

The p-n junction is a special kind of heterostructure showing outstanding photocatalytic 

activity due to the built-in electric field that further promotes the photo-induced electron/hole 

separation. The g-C3N4 synthesized via the conventional thermal polymerization method is an 

intrinsic n-type semiconductor due to the intrinsic defects [166]. Therefore, other p-type 

semiconductors such like Cu2O [167], NiO [168], CoO [169], Co3O4 [170], Ag2O [171], BiOI 

[172] etc. have been used to build the p-n heterostructure with g-C3N4. For example, Guo et 

al. [169] reported the p-n heterojunction of CoO/g-C3N4 synthesized by solvothermal method. 

The optimal CoO/g-C3N4 with 30%wt CoO showed ~5 times enhanced tetracycline 

photodegradation performance comparing with the pristine g-C3N4. As a typical p-type 

semiconductor, NiCo2O4 has been used to build the p-n junction with g-C3N4 by Chang et al. 

[173]. The enhanced RhB photodegradation performance had been achieved and the photo-

induced hole had been proven as the active radical. The p-n junction between Ag2O and g-

C3N4 was reported by Fan et al. [174] for the photocatalytic algae removal. The key to 

achieving successful heterostructure construction was the negatively charged surface of g-

C3N4. The algae growth was reported to be efficiently prohibited and the photocatalytic 

process could significantly cause the death to the algae cells. Liang et al. [171] constructed the 

p-n junction between Ag2O and g-C3N4. Ascribed to the broad-band light absorption of Ag2O, 

the Ag2O/g-C3N4 exhibited the 26 and 343 times RhB photodegradation performance of 

pristine g-C3N4 under visible and NIR light irradiation, respectively. Doping [175-177] can 

change the conductivity type of the C3N4 semiconductor. Therefore, it provides more 

versatility in p-n junction construction. The heteroatom dopants such as B [178], P [179], K 

[180] and Fe [180] etc. have been reported to change g-C3N4 to p-type conductivity. In addition, 

it has been reported that the vacancy introduction [181, 182] can change the conductivity type 

of the g-C3N4 too. Therefore, the p-n heterostructure can be built within the stoichiometric and 

defected parts of the g-C3N4 photocatalysts. For instance, Cao et al. [182] introduced N-

vacancies into g-C3N4 and claimed a p-type conductivity was achieved. The proposed reason 
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was the trapping of electrons at the defect site, which increased the local concentration of holes. 

The p-n junction was claimed to be constructed between N-deficient g-C3N4 and pristine g-

C3N4. And the RhB photodegradation performance was enhanced. Liu et al. [183] suggested 

the p-type conductivity could be achieved by replacing the -NH/-NH2 terminal with cyano 

terminal (−C≡N) in the molecules of g-C3N4. The theoretical basis was that the -NH/-NH2 

(amino) group was the electron donner while −C≡N (cyano) group was the electron accepter. 

The Mott-Schottky plot suggested the co-existence of p-type and n-type conductivity 

behaviours in the prepared catalysts.   

Z-scheme is another kind of heterostructure can successfully improve the photocatalytic 

performance [179, 184]. The key feature of the Z-scheme is the direct recombination of low-

energy photo-induced electrons and holes from two sides of the heterostructure interface and 

the high-energy photo-induced electrons and holes are efficiently separated. Katsumata et al. 

[185] reported the construction of Z-scheme heterostructure between g-C3N4 and Ag3PO4 and 

an improved visible-light-driven MO degradation performance was achieved. The Z-scheme 

electronic structure relied on the Ag nanoparticle formed between the g-C3N4/Ag3PO4 as the 

charge bridge. Wu et al. [186] synthesized the LaFeO3/g-C3N4 heterojunction and the 

composite exhibited the Z-scheme electronic structure. The unique electronic structure was 

ascribed to the enhanced brilliant blue dye degradation performance with h+, •OH and •O2-  

identified as the reaction radicals.  

1.3.3.2 The heterostructure between g-C3N4 and other co-catalysts 

Heterostructure built between g-C3N4 and cocatalysts can effectively improve its 

photocatalytic performance. Besides the promoted photo-induced electron/hole separation 

between the interface, the cocatalysts themselves possess unique property catalysing targeted 

reactions. In the specific g-C3N4 photocatalysts, metallic nanoparticles such as Pt, Pb, Au, Ag 

and Rh are the most common co-catalysts for heterostructure construction [187, 188]. For 

example, Shiraishi et al. [189] loaded Pt nanoparticles onto g-C3N4 by high-temperature 

reduction of Pt-precursors. The authors focused on strengthening the interaction between g-

C3N4 and Pt nanoparticles. With the Pt nanoparticles in close contact with the g-C3N4 surface, 

the photo-excited electrons could easily migrate to the Pt nanoparticles. Therefore, Pt/g-C3N4 

exhibited excellent photocatalytic hydrogen production activity. For comparison, the Pt/g-

C3N4 composites prepared at low temperature had loose interfacial contact and thus exhibited 

lower photocatalytic activity. The effects of Pt nanoparticles sizes and morphologies have 

different effects on the photocatalytic performance of g-C3N4/Pt too. Cao et al. [190] 

conducted a detailed study on this issue through a colloidal adsorption-deposition method to 
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synthesize Pt particles with different morphologies supported on g-C3N4 surface. These Pt 

nanoparticles supported on the g-C3N4 surface had similar sizes, but their photocatalytic 

performances increased in the following order: cubic Pt/g-C3N4, octahedral Pt/g-C3N4, and 

spherical Pt/g-C3N4. The results indicated that different exposed surfaces of Pt nanoparticles 

had different surface atomic structures, resulting in different active sites and different 

adsorption energies for intermediates in the photocatalytic reaction, and thus exhibited 

different photocatalytic performance. In addition to Pt, other noble metals including Pd [191, 

192], Ru [193] etc. have also been loaded onto g-C3N4 too.  

However, considering the high cost and scarcity of precious metals, it is of great importance 

to find non-precious metals of low cost and high abundance for preparing the photocatalysts,. 

The non-precious metals such as Ni, Mn, and Co have been used to modify g-C3N4 

photocatalytic materials and improve their photocatalytic performance [29, 194, 195]. For 

example, Bi et al. [195] used melamine and nickel acetylacetonate as precursors to synthesize 

a series of Ni@g-C3N4 composites using a simple solvothermal method. Compared with 

pristine g-C3N4, Ni supported on the surface of g-C3N4 greatly improved its photocatalytic 

hydrogen production efficiency. When the Ni loading was ~ 10%wt, the corresponding 

photocatalytic hydrogen production rate reached a maximum of 8.41 μmol h−1. Due to the 

different work functions between g-C3N4 and Ni, when they were in contact with each other, 

a deeper band bend was formed, which led to the efficient separation of photo-generated 

carriers. Recently, Kong et al. [196] proposed a facile photo-assisted method for the 

preparation of stable Ni/g-C3N4 magnetic composite photocatalysts. The uniformly dispersed 

metallic Ni nanoparticles with a diameter of 30-80 nm was deposited on the g-C3N4 surface. 

Under full-spectrum light irradiation, the optimized g-C3N4 system containing 7.4%wt Ni 

showed a very high photocatalytic hydrogen production rate of 4318 μmol g−1 h−1. The 

apparent quantum efficiency at 400 nm was 2.01%.  

Besides metallic nanoparticles, the non-metal co-catalysts have also been loaded onto the g-

C3N4 to build up the heterostructure. For example, Liu et al. [197] built the heterostructure 

between g-C3N4 with C quantum dots. The prepared C quantum dots showed the average 

diameters of ~ 10 nm. The optimal sample exhibited ~15 times higher diclofenac degradation 

rate than the pristine g-C3N4. Yang et al. [198] synthesized the BN quantum dots and ultrathin 

g-C3N4 heterostructure. It was claimed by the authors that the BN quantum dots attracted the 

photo-induced holes under excitation state. An enhanced O2
- radical production ability was 

ascribed to the facilitated photodegradation of oxytetracycline hydrochloride. 
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In summary, apart from the different elements used and different reaction targeted, the 

mechanism underpinning the photocatalytic activity enhancement is the same. The co-

catalysts act as the photo-induced electrons or hole sinks depending on the relative fermi 

energy levels. The schottky barrier formed between the metallic co-catalyst and g-C3N4 

semiconductor can hinder the back-flow of the photo-induced charge carriers. Therefore, the 

facilitated separation of photo-induced charge carriers is achieved. 

1.3.4  Electronic structure modification of g-C3N4 

1.3.4.1 Metal and non-metal doping 

Metal or non-metal elemental doping is one of the most effective strategies for material 

modification. By doping a small amount of non-metal or metal impurity into the C3N4 crystal 

lattice, the electronic structure and corresponding physiochemical properties of the C3N4 

photocatalyst can be changed accordingly. The main advantages of doping to g-C3N4 include 

following aspects: (i) reducing the bandgap and enhancing the light absorption; (ii) trapping 

the charge carriers and retarding the electron/hole recombination; (iii) tuning the positions of 

CBM and VBM to improve the photo-reducing and oxidising capability.  

For g-C3N4 photocatalysts, non-metal elemental doping such as O [199-202], C [119, 203, 

204], N [205], S [206-208], P [209-211], Br [212] etc. have been extensively reported. Huang 

et al. [199] reported O-doped C3N4, which was synthesized by thermal calcination of H2O2 

treated melamine at 550 °C under N2 flow. The H2O2 treatment could produce hydrogen bond-

induced supramolecular aggregates, which further converted to O-doped g-C3N4 after 

calcination. Based on their work, the bandgap of the O-doped g-C3N4 became smaller and an 

internal electric field was created due to the drastically decreased electron density at the 

adjacent parts of O dopants and significantly increased electron density near the N atoms. As 

a result, the visible light response range was extended and the internal electric field promoted 

the electron-hole separation. Dong et al. [119] developed a mild method for synthesizing C 

self-doped C3N4, with C substituting the bridging N atoms. After replacing the N with C, the 

intrinsic electronic structure and band structure of C3N4 was changed. According to the 

theoretical calculation results, C substitution resulted in the formation of a delocalized π-bond 

between the doped C atom and the aromatic ring, thereby increasing the conductivity of g-

C3N4 and facilitating the electron transfer. The self-doping of carbon reduced the band gap 

from 2.72 eV to 2.65 eV, which ensured the more visible light harvest. Zhou et al. [205] 

reported the synthesis of N-doped C3N4 through a simple one-pot thermal polymerization route. 
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During the thermal calcination process of urea and citric acid mixture, urea created an amine-

rich environment that could react with the carbon source, citric acid, to finally achieve the N-

doped C3N4. Liu et al. [206] pointed out that the doping of S could raise the position of CBE 

due to the electron-rich property of S. Under the light of λ > 320 nm and 420 nm, C3N4−xSx 

showed the 7.2 times and 8.0 times hydrogen evolution rates of the undoped g-C3N4, 

respectively. More importantly, the S-doped C3N4 could completely oxidize phenol under λ > 

420 nm light, while the un-doped C3N4 could not achieve even under the irradiation of λ > 320 

nm light. Hu et al. [210] prepared P-doped g-C3N4 by utilizing dicyandiamide and (NH4)2HPO4 

as the P source. P atoms were interstitially doped into the g-C3N4 lattice with the generation 

of the P–N bonds, which acted as the bridge between C3N4 layers. As a result, the band gap of 

g-C3N4 was reduced and the charge separation efficiency of C3N4 was improved. Besides 

doping at interstitial site, Zhou et al. [209] used the thermal polymerization of the mixture of 

tripolyphosphazene chloride and guanidine hydrochloride to synthesize the g-C3N4 with 

substitutional P dopants. The P dopants were found to favourably replace the corner carbon 

and bay-carbon sites. The obtained P-doped C3N4 exhibited outstanding photocatalytic 

performance on both photocatalytic H2 production and rhodamine B decomposition. This was 

mainly because the doping of P increased the electron density in C3N4 and the dopants could 

suppress the recombination of photo-excited carriers. Halogen atoms are also common dopants 

for g-C3N4. For instance, Wang et al. [212] compared Br-doped g-C3N4 derived from several 

different nitrogen-rich materials and ammonia bromine (NH4Br) as the Br sources via one-pot 

thermal co-condensation method. Photocatalytic H2 evolution rate of Br-doped C3N4 under 

visible light irradiation and the photocatalysts stability were greatly enhanced.  

In addition to non-metal doping, transition metal dopants have also been proven successfully 

improving the g-C3N4 activity. The g-C3N4 constituted by heptazine units possesses repeated 

in-plane interstitial sites, which are filled with six N lone electron pairs. Those are generally 

regarded as ideal sites for the inclusion of transition metal cations through an ion coordination. 

The introduction of metal cations into the g-C3N4 lattice can accelerate charge migration and 

reduce the energy band gap. Therefore, the light absorption capacity and electron/hole 

separation are enhanced. Moreover, the transition metals are featured of empty states in d-

orbitals, which provides the high catalytic activity for target photocatalytic reaction. For 

example, Wang et al. [213] reported that a simple soft chemical synthesis method could be 

used to introduce iron cations (Fe3+) at the "nitrogen pore" position in the g-C3N4 crystal 

without destroying the graphitic crystal structure. Fe-doped C3N4 was found to be able to 

photo-activate hydrogen peroxide in a mild reaction condition for the direct oxidation of 

benzene to phenol. The introduction of iron ions regulated the electronic structure of C3N4 and 



Chapter 1 

43 
 

reduced the band gap, but still maintained a sufficient potential for driving oxidation reactions. 

With increasing metal contents, the light absorption range expanded and moved towards long 

wavelengths with lower photon energies. Gao et al. [214] prepared a novel Fe-doped C3N4 

polymer using a mild one-pot method with formamide and citric acid as the precursors. It 

exhibited an efficient hydrogen production rate (∼16.2 mmol g–1 h–1) under visible light with 

a quantum efficiency of 0.8%. The doped Fe cations enhanced the coupling between the metal 

and carbon nitride electrons, and the unique electronic structure formed was conducive to the 

migration of electrons in the 2D plane, which was very effective to promote the electron 

transport and leads to the improvement of photocatalytic hydrogen production efficiency. Yue 

et al. [215] developed a simple soft chemical method to prepare a Zn-doped C3N4. Under 

visible light (λ > 420 nm) irradiation, the Zn-doped C3N4 hybrid system showed high 

photocatalytic activity and stability in hydrogen production with methanol as the hole 

scavenger. Its hydrogen production rate (59.5 µmol h-1g-1) was ~10 times that of pristine g-

C3N4, and the maximum quantum yield at 420 nm was 3.2%. The enhancement of 

photocatalytic hydrogen production performance of the Zn-doped C3N4 was mainly due to the 

increased light absorption caused by the doping of Zn ions, which led to the generation of 

more photo-excited electrons and holes. The doping of Zn ions also facilitated the separation 

of these photo-excited electron-hole pairs, allowing more electrons to be used for the 

photocatalytic H2O splitting. Furthermore, similar observations and phenomena were found in 

other transition metals such as Ni and Mn doping, as reported by Ding et al. [216]. In summary, 

the transition metal dopants intend to be positioned at the interstitial sites of the g-C3N4 due to 

the relatively large atomic diameters. The enhanced photocatalytic efficiency of transition 

metal doped C3N4 has been reported in the literature [214, 215, 217-219]. 

In addition to transition metal dopants, alkali metal ions are another kind of effective dopants 

[144, 220-222]. For instance, Xiong et al. [223] synthesized a K and Na doped C3N4 system 

and found that the K-doped g-C3N4 system showed a unique electronic structure and excellent 

performance in visible-light-driven catalytic elimination of nitric oxide. The performance was 

superior to Na-doped C3N4 system. This was mainly because K ions were situated in-between 

the layers of the C3N4 system, forming a bridge between the adjacent layers of the g-C3N4 

system. The introduced tunnels for electron/hole transfer could reduce the recombination of 

photogenerated carriers and an enhancement in photocatalytic performance. However, Na was 

mainly doped in-plane, which could only facilitate the in-plane charge transfer and contributed 

less to the recombination suppression. 
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 In addition to doping g-C3N4 with single kind of dopants, co-doping g-C3N4 with metal ions 

and non-metal ions are emerging as a more sophisticated and effective way to improve the 

performance of g-C3N4. For example, by using dicyandiamide monomer, diammonium 

hydrogen phosphate, and ferric nitrate as precursors, Fe/P co-doped g-C3N4 system was 

successfully prepared [224]. P dopants substituted the N atoms at the corner sites and the Fe 

dopants were coordinated to the N atoms at the interstitial position in the nitrogen pots of g-

C3N4. The results indicated that the doped ions inhibited the continuous growth of the g-C3N4 

crystals, which increased the specific surface area of C3N4. Locating at different sites, the N, 

Fe collaborated to reduce the optical band gap and suppress the recombination of photo-

excited electrons and holes. Therefore, comparing with the singly doped and undoped g-C3N4, 

the Fe/P co-doped g-C3N4 has been demonstrated showing higher photocatalytic efficiency on 

both photodecomposition of RhB and water splitting. Zhang et al. [225] prepared the co-doped 

g-C3N4 system with Fe/C by a simple thermal co-condensation method. The experimental 

results indicated that under visible light (λ > 420 nm) irradiation, the Fe/C co-doped g-C3N4 

decomposed RhB more efficiently than the undoped g-C3N4 by ~14 times. The synergistic 

effect of Fe and C dopants narrowed the band gap of co-doped C3N4 system and shifted the 

VB downwards, which led to the expansion of the light absorption range and promotes the 

photo-oxidation capability. Guo et al. [226] prepared the g-C3N4 co-doped with K and I 

through the co-polycondensation of dicyandiamide and KI. Compared with undoped g-C3N4, 

the K-I-co-doped g-C3N4 showed a noticeable redshift in the light absorption edge and the 

enhancement of visible light absorption. The decrease in photogenerated carrier recombination 

rate derived from the improvement of charge transport efficiency was mainly attributed to the 

K dopants.   

Although there are a lot of successful demonstrations of doping strategy in improving the 

photocatalytic activity of g-C3N4, the intrinsic shortcomings of doping strategies need to be 

taken into consideration. After the introduction of dopants to g-C3N4, its band gap can be 

reduced to a certain degree with the compromising in photo-reducing or phot-oxidising 

capabilities. Moreover, excessive dopants can easily act as the recombination centres and 

facilitate the phot-induced electron/hole recombination.  

1.3.4.2 C/N vacancies  

Besides atom doping, the vacancies engineering is another effective method to improve the 

photocatalytic activity of g-C3N4. Niu et al. [227] reported the g-C3N4 with N vacancies 

synthesized by increasing the thermal polycondensation temperature to 600 °C. The lost N 

atoms left additional electrons redistributed to their nearest C atoms, which were reduced from 
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C4+ to C3+. Presence of C3+ were responsible for the enhanced light absorption of the nitrogen-

deficient g-C3N4 with the band gap narrowed from 2.74 to 2.66 eV. The same group also 

reported the improved method for introducing N vacancies into g-C3N4 [228]. After 

polycondensation of dicyandiamide at 550 oC, the as-prepared g-C3N4 was further annealed in 

flowing H2 atmosphere to create the N vacancies. Due to the layered structure of g-C3N4, the 

H2 could diffuse into the bulk of g-C3N4 and the N vacancies were homogeneously created 

inside the g-C3N4 crystal. Impressively, the retarded electron/hole recombination was achieved 

by N vacancies introduction as claimed by the authors. Similarly, Tay et al. [229] reported a 

slightly different method to introduce N vacancies into g-C3N4. By conducting the thermal 

polycondensation of dicyandiamide directly under H2 atmosphere at 550 oC, the N vacancies 

introduction, as well as H doping, could be facilely achieved. It was reported that this N-

deficient g-C3N4 showed the reduced bandgap from 2.7 eV to 2.0 eV and the photocatalytic 

H2 production rate increased by 4.8 times comparing with the pristine g-C3N4. Besides the 

high-temperature N vacancies creation method, Li et al. [230] developed a method being able 

to introduce N vacancies to g-C3N4 at the mild condition. The N deficient g-C3N4 was prepared 

at room temperature inside a plasma reactor under H2 atmosphere. In addition to the researches 

on developing N vacancies creation methods, the investigations on the role of N vacancies in 

the catalytic reaction are more important. The specific role of N vacancies on NOx 

photocatalytic removal has been investigated by Wang et al. [231]. The controllable amounts 

of N vacancies were introduced by post-calcinating solvothermally prepared g-C3N4 

microtubes. The 2.6 times enhanced NO removal rate of N-deficient g-C3N4 microtubes was 

attributed to the new active sites and enhanced electron/hole separation attributed to the N 

vacancies. In addition to the cases reporting the positive effects of N vacancies, Lan et al. [232] 

investigated the effects of the N vacancies on the simultaneous photocatalytic H2 production 

and aqueous pollutants degradation and the negative effects of N vacancies were presented. 

The authors claimed that the photocatalytic activity of g-C3N4 with N vacancies was inferior 

to the g-C3N4 with less defects, though the bandgap of the N-deficient g-C3N4 was narrower. 

Although less investigated than N vacancies, the C vacancies engineering is also an important 

method to improve the photocatalytic activity. Li et al. [181] successfully prepared C 

vacancies on the surface of g-C3N4 by calcinating g-C3N4 in Ar gas atmosphere. The 

photocatalytic activity of H2O2 production of C-deficient g-C3N4 was significantly improved. 

It was because the g-C3N4 with C vacancies could produce more photo-induced electrons/hole 

with the reduced band gap width. Similarly, the C vacancies were created by calcinating g-

C3N4 in CO2 atmosphere [233]. Dong et al. [234] reported the synthesis of C-deficient g-C3N4 

via co-polycondensation of cyanuric acid and melamine mixture. The improvement of 
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photocatalytic NO removal on C-deficient g-C3N4 was demonstrated. The authors ascribed the 

enhanced activity to the C vacancies-induced bandgap narrowing, recombination retarding and 

enhanced NO adsorption at the defect sites.  

In summary, the mechanism of the C vacancies enhancing the photocatalytic activity of g-

C3N4 is similar is similar to that of N: narrowing bandgap, retarding electron/hole 

recombination and creating active sites. At the same time, it is important to emphasize the 

difference between the C and N vacancies. Since the N and C contribute the most of the VB 

and CB of the g-C3N4, respectively, the created N and C defect states locate at different 

positions inside the bandgap [235]. More importantly, the N defect energy level shows the N 

sites dependence [236]. The tailing of the CBM and VBM will have different effects on the 

reducing and oxidizing potentials of the vacancies-engineered g-C3N4. Therefore, these 

differences are needed to be considered when conducting vacancy engineering to g-C3N4 for 

interested reactions. 

1.3.5 Morphology modification of g-C3N4  

g-C3N4 prepared via conventional thermal polycondensation method usually possesses very 

limited SSA and no dominated morphology. Therefore, synthesis with controllable 

morphology and enlarged SSA becomes an attractive aspect to improve the photocatalytic 

activity of g-C3N4. Two strategies can be applied to increase the SSA of g-C3N4: reducing the 

dimension of g-C3N4 to increase the outer surface area; creating 3-D porous structure to 

increase the inner surface area. At present, the methods for modifying the morphology of g-

C3N4 can be classified to following two types: approaches with templates; approaches without 

templates. 

1.3.5.1 Hard-template and soft-template approaches 

The hard-template approach is almost identical to the conventional casting process. This 

approach can be considered as a flexible technique for the development of g-C3N4 materials 

with varying morphology or hierarchical porous architectures. In 2005, Groenewolt et al. [237] 

loaded cyanamide on a mesoporous silicon material for thermal polycondensation, and then 

removed the mesoporous silicon material template with a 5% HF solution to obtain the porous 

g-C3N4. Its SSA increased significantly to 100.0 m2/g. Vinu et al. also used silica as the 

template and cyanamide as the precursor to synthesize the mesoporous g-C3N4. After high 

temperature thermal polycondensation and removal of the silica template, g-C3N4 with 

uniform mesopores in ~12 nm were obtained and the SSA reached 505.0 m2 g-1 [238, 239].  
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In addition to 3D porous structure design, the morphology engineering has also drawn a lot of 

interests from researchers. For instance, Wang's group [240] successfully synthesized hollow 

g-C3N4 nanospheres using silica nanoparticles as the template (Figure 1.9). By carefully 

controlling the thickness of the polymer hollow spherical shell, deformation of the soft hollow 

structure could be effectively prevented even at 400 °C. These monodispersed hollow g-C3N4 

nanospheres showed prominent photocatalytic hydrogen production performance. The unique 

hollow nanosphere morphology could cause internal light reflection and increase the light 

utilisation. The apparent quantum yield of hydrogen evolution reached 7.5%. 

 

Figure 1.9. Steps to synthesize hollow graphite phase carbon nitride nanospheres. CY stands for cyanamide. (a-h) 
TEM image of hollow graphite phase carbon nitride nanospheres. Reproduced from ref. [240] with permission. 

The one-dimensional photocatalysts (nanorods, nanotubes, nanowires, nanoribbons, and 

nanoribbons) possess unique properties such as enlarged SSA and enhanced axial charge 

carrier transport. And the properties can be optimized by tuning the diameter, length, and 

aspect ratio of one-dimensional materials [241-243]. Li et al. [244] used SBA-15 nanorods as 

a hard template to synthesize mesoporous g-C3N4 nanorods with an open channel. The 

prepared g-C3N4 nanorods had a large SSA of 110-200 m2 g-1, a length of ca. 650 nm and a 

diameter of ca. 100 nm. This structure can play a robust role as the substrate for ultrafine metal 

nanoparticles (Au, Pt and Pd NPs), which can be further used in various photocatalytic redox 

reactions. The g-C3N4 nanorods enhance light absorption and charge transportation along the 

axial dimension. In addition, the short transport path of the photoinduced carriers at the radial 

dimension can enhance the electron/hole separation. Moreover, the electronic structure is 

affected by the 1D morphology too. The HOMO position of the obtained g-C3N4 nanorods is 

shifted to the positive direction, which provides a stronger oxidizing ability to drive the oxygen 

evolution reaction. Other silica templates such as SBA-15, SBA-16 [245, 246] and KCC-1[247, 

248] have also been used to develop g-C3N4 in highly ordered morphology. Traditional hard 
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template materials need to be removed by fluorine-containing etchants such as HF and 

NH4HF2, which is highly toxic and inevitably introduces F ions into the g-C3N4 crystal. 

Therefore, it is attractive to use an alternative template more friendly to the environment. 

Wang et al. [249] used calcium carbonate instead, which was proven as a safer and 

environmentally friendly way to synthesize porous g-C3N4. CaCO3 as a template can be easily 

removed by diluted HCl and costs significantly less than zeolite templates. After direct co-

condensation of the nitrogen-rich precursor dicyandiamide and CaCO3 particles at 550 ° C, the 

prepared porous g-C3N4 exhibited not only enlarged surface areas, but also enhanced 

photocurrents of up to ∼4.2 and 7.5 times that of the bulk counterpart. 

The soft template approach is to use the soft polymers, surfactants and ionic liquids etc. as the 

template during the g-C3N4 synthesis. Due to the low thermal stability of the soft template, the 

polycondensation process in g-C3N4 needs to be conducted at a relatively low temperature. For 

example, bulk polymers P123 and Triton X-100 have been used as soft templates to obtain 

mesoporous g-C3N4 nanoparticles. Compared with conventional bulk g-C3N4, the SSA of 

mesoporous g-C3N4 nanoparticles prepared under the assistance of the soft templates was 

significantly increased to 299 m2 g−1 comparing to 8 m2 g−1 in bulk g-C3N4 and its maximum 

absorption wavelength exhibited a "redshift". Its visible light photocatalytic performance on 

hydrogen production was also significantly improved, the H2 evolution rate of the porous g-

C3N4 increased to 148.2 μmol h−1 [250, 251].  

Synthesis of g-C3N4 with controllable morphology and mesoporous structure is an effective 

technique to promote the photocatalytic performance through the efficient charge transport 

and enhanced mass transfer during the photocatalytic reaction. In general, g-C3N4 

nanostructure modifications based on the hard template and soft template will continue to grow 

rapidly. However, finding a low-cost, environmentally friendly and effective template is still 

an unresolved challenge. 

1.3.5.2 Template free approaches 

In addition to the synthesis of g-C3N4 with large SSA under the assistance of templates, it is 

more desired to develop the methods without using templates due to the environmental and 

economic concerns. In recent years, some non-template methods have also been used to 

enlarge the SSA of g-C3N4, such as post-heat treatment, chemical stripping, acid etching and 

hydrothermal treatment. 
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Wang et al. [252] prepared C3N4 quantum dots through the thermal–chemical etching in the 

hydrothermal treatment. The acid etching by concentrated HNO3 and H2SO4 resulted in the 

direct cleavage of bulk g-C3N4 to nanosheets, nanoribbons and 0D quantum dots. The g-C3N4 

quantum dots structure showed unique up-conversion characteristics, and the hydrogen 

production efficiency of g-C3N4 quantum dots was 2.87 times of bulk g-C3N4. Tahir et al. [253] 

developed a green and facile method without templates to successfully prepare g-C3N4 

nanofibers, which had a large SSA of ~165 m2 g-1. The rate of degradation of rhodamine B by 

the synthesized 1D g-C3N4 nanofibers was 4 times of g-C3N4 bulk structure. Its enhanced 

photocatalytic activity was mainly due to the higher SSA, reduced band gap, and fewer defects. 

They also synthesized graphitic-C3N4 microtubes [254] and micro-strings [255] using HNO3-

pretreated melamine as feedstock and annealed at 550 ºC and 400 ºC, respectively. All the 1D 

nanostructure g-C3N4 exhibited good photocatalytic activity and enhanced stability compared 

to bulk g-C3N4. Gong et al. [256] prepared g-C3N4 nanotubes by calcining melamine in a 

designed programme. The nanotube morphology was formed due to using the in-situ formed 

NH3 gases as the template. Under the irradiation of visible light (λ ≥ 420 nm), the prepared g-

C3N4 nanotube structure could degrade MB at the rate of 0.43 times and 1.56 times of bulk g-

C3N4 and P25-TiO2, respectively. The bulk g-C3N4 is a van der Waals crystal with 2D layers 

interacting with each other via van der Waals force. Therefore, it is natural to try to exfoliate 

the layers from the bulk to synthesize the 2D g-C3N4 nanosheets. The 2D g-C3N4 nanosheets 

with atomic-thickness have a larger SSA and higher carrier mobility due to the quantum 

confinement effects in the thickness direction. Therefore, g-C3N4 nanosheets have become a 

research hotspot in the photocatalysis research field. For example, Zhu et al. [257] successfully 

prepared the g-C3N4 nanosheets with single atomic layer thickness using a simple chemical 

stripping method. The thickness of the prepared nanosheets was only ~0.4 nm, which was the 

thickness of the monoatomic layer. Compared with g-C3N4 with bulk structure, g-C3N4 

nanosheets with monoatomic layer thickness have excellent transport rate and separation of 

photo-generated carriers. Therefore, the g-C3N4 nanosheets with single-atomic thickness 

exhibited higher efficiency than the bulk g-C3N4 in photocatalytic water splitting and 

photodegradation of pollutants. Liang et al. [258] successfully prepared single-layered g-C3N4 

nanosheets with a thickness of only 0.38 nm by a typical liquid phase exfoliation method. 

Compared with bulk g-C3N4, the prepared single-layered g-C3N4 nanosheets showed excellent 

photocatalytic activity in selective oxidation of benzyl alcohol and photodegradation of RhB 

under visible light irradiation. The improvement in photocatalytic performance was attributed 

to the high SSA, low surface defects, and more active sites in single-layer g-C3N4 nanosheets. 
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In summary, by changing the morphology of g-C3N4, the SSA of nanostructured g-C3N4 is 

greatly improved compared to the bulk g-C3N4. It results in the increase of photocatalytic 

active sites and the suppression of photo-excited carrier recombination rate. Therefore, the 

photocatalytic activity of g-C3N4 is effectively enhanced. 

1.3.6 Dye photodegradation reaction pathway 

Photocatalytic degradation and environmental remediation of pollutants have become one of 

the most promising strategies to address the challenges of pollution. Among all the 

photocatalyst candidates, g-C3N4 as a kind of visible-light photocatalyst has attracted 

continuous research interests due to its unique advantages. Generally, the photocatalytic 

pollutant degradations on g-C3N4 reported in the literature can be divided into two categories: 

degradation of gaseous pollutants (e.g. NOx [259]) and removal of pollutants in aqueous 

solution. In this section, the two most widely employed pollutants in aqueous solution, MO 

and RhB are used as examples. Since the general photodegradation mechanism has already 

been reviewed in section 1.2.2, this section focuses on the investigations on the detailed 

photocatalytic degradation reaction pathway. 

Figure 1.10 depicts a schematic diagram of the photocatalytic degradation of pollutants on g-

C3N4. Under light irradiation, highly reactive electrons and holes initiate the oxidation and 

reduction reactions on the surface of g-C3N4. The photoinduced electron reacts with the 

adsorbed molecular O2 to generate •O2
- superoxide anion radical, which helps to further 

generate •OH and •OOH  radicals. It is believed that the reaction between •OH radicals and 

organic pollutants will eventually lead to the mineralization of these compounds [260]. At the 

same time, in aqueous systems, photogenerated holes react with the surface OH– groups to 

form •OH radicals. 

 
Figure 1.10. Schematic illustration of photocatalytic degradation of pollutants under light irradiation using g-C3N4 
as photocatalyst. 
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MO dissolved in water shows two absorption peaks in the ultraviolet-visible spectrum [62]. 

The first peak is at ~270 nm and the stronger second one is at ~465 nm. The evolution of 

absorption peak at 465 nm can be used to monitor the concentration changes of MO based on 

the Beer’s law. As an azo dye, MO’s oxidative degradation usually initialises with the attack 

of hydroxyl radicals. The chromophore structure of an azo dye consists of two aryl rings 

connected via an azo -N=N- bridge [261]. The main reaction between a •OH radical with an 

azo compound is the addition of •OH to the N=N double bond of the chromophore, which 

causes the rapid disappearance of the colour. At the same time, hydroxyl radicals will also be 

added to the aromatic ring [262, 263]. 

As shown in Figure 1.11, Ökte and Yilmaz [264] proposed that during the degradation process, 

•OH radicals firstly attacked the azo bond in MO molecules, which generated dimethylaniline 

benzyl sulfonate and N2. Hydroxyl radicals attacked the ring with an amino group and formed 

aniline and 4-hydroxyaniline. Further •OH radicals attacks resulted in the formation of more 

intermediate products. They believed that during the degradation process, small molecules and 

inorganic ions were formed gradually. Although the bleaching reaction was very fast, it took 

longer for the dye to completely mineralize to CO2, H2O and inorganic anions. 

 
Figure 1.11. Postulated photocatalytic degradation pathway of MO by Ökte and Yilmaz. Reproduced from ref. 
[264] with permission. 

Adding more details to the pathway proposed by Ökte and Yilmaz [264], Xu et al. [265] 

believed that •OH radicals attacking on azo bonds in MO molecule formed the -HN-NH- first. 
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Then further •OH radical attacks caused the N-N bond cleavage. This was because the 

conjugate degree of π–π bonds in the molecules generated during degradation was lower than 

that of MO. They pointed out that the absorption peak of the hydrogenated MO molecules 

after the first-step degradation was shorter than that of the original MO molecules. This was 

reflected by the blue shift of the absorption peak during the photodegradation. In 2018, Zhong 

et al. [266] observed symmetric cleavage of MO with the formation of N, N-dimethyl-p-

phenylenediamine and sulfanilic acid as the main intermediates based on the ultraviolet-visible 

(UV-Vis) spectroscopy, electrospray ionization mass spectrometry (ESI-MS) and high-

performance liquid chromatography (HPLC) analyses. 

RhB is a bright red dye with a complex structure that makes it chemically stable and difficult 

to biodegrade. RhB has the main absorption peak at 554 nm in the visible light region and a 

characteristic absorption band at 259 nm in the UV region. The absorption of RhB at 554 nm 

mainly comes from C=N and C=O in its conjugate structure [267] and its absorption in the 

UV region mainly comes from the benzene ring structure of RhB. As shown in Figure 1.12, 

Yu et al. [268] pointed out that there were two competitive reaction pathways for 

photocatalytic degradation of RhB, in which the cleavage of the dye chromophore structure 

dominated over the N-de-ethylation. By using HPLC and liquid chromatography electrospray 

ionization tandem mass spectroscopy (LC-ESI-MS/MS) method, they observed that as RhB 

disappeared, the concentration of the four N-de-ethylated intermediates firstly increased and 

then decreased. The phenomenon indicated the N-de-ethylation of RhB was a stepwise process. 

On the other hand, the cleavage of the entire conjugate chromophore structure of RhB 

dominated the photoreaction. Hydroxyl radicals or photo-generated holes could directly attack 

the central carbon of RhB, therefore rapidly decolouring the dye. The proven main 

intermediates of the decolourization process included adipic acid, phthalic acid, isophthalic 

acid and terephthalic acid, which were further degraded into ethane-1,2-diol, butane-1,3-diol, 

propane-1,2,3-triol etc.. These two competitive pathways occurred simultaneously and the 

RhB molecules were eventually degraded into water, carbon dioxide and inorganic ions. 
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Figure 1.12. RhB photodegradation pathway under visible light irradiation. Reproduced from ref. [268] with 
permission. 

Tahir et al. [269] also tried to identify the degradation products of RhB by ultra-performance 

liquid chromatography-mass spectrometry (UPLC-MS). It was deducted from the analyses 

that RhB was firstly degraded into several smaller compounds by the cleavage of the azo (C-

N) bond. Fragmented compounds do not have any chromophores, such as azo bonds, and are 

therefore colourless. RhB dye was completely mineralized after photocatalytic degradation 

under ultraviolet light irradiation. The products of RhB photodegradation were non-toxic, 

colourless organic acids which were further mineralized to water and carbon dioxide. 

In order to identify the photo-induced active species (e.g. hydroxyl radicals (•OH) and 

superoxide (•O2 or •OOH)) responsible for the photodegradation process, some works have 

investigated the photodegradation rate changes in the presence of different scavengers [270]. 

The triethanolamine (TEOA) is an effective hole scavenger and tert-Butyl alcohol (TBA) is 

chosen as the •OH scavenger for the g-C3N4 photocatalysis system. The hydrogen peroxide 

(H2O2) test strip was used to check the formation of H2O2 on the g-C3N4 via the multi-step 

reduction (Eqs. (1.6) to (1.8)) of O2 during the photocatalytic reaction. When 10%vol TEOA 
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was added into the aqueous solution of MO or RhB during the photodegradation, the degrading 

rate of RhB decreased significantly while the MO photodegradation rate was only slightly 

decreased. When TBA was added into the reaction solution, there was no degradation rate 

change of RhB and only a slight drop of MO degradation rate was observed. These results 

indicated that the photogenerated holes (h+) were the main oxidation species for the RhB 

photodegradation. In order to further investigate whether O2 was a key factor in the generation 

of •O2 and •OH radicals during photoreduction (Eq. (1.6) to (1.10)), photodegradations of RhB 

and MO were performed in Ar atmosphere. As a result, O2 barely affected the degradation rate 

of RhB, but the degradation rate of MO was remarkably depressed. These results indicated 

that MO photodegradation on g-C3N4 mainly happened through the following pathway: O2 

firstly formed superoxide (•O2 or •OOH) from direct coupling with photo-induced e-; then the 

formed radicals further oxidized the MO. The proposed reaction pathways for MO and RhB 

photodegradation are summarized in Table 1.1. 

Table 1.1. Summary of reaction mechanisms of RhB and MO photodegradation on g-C3N4. 

Dye Class Chemical structure Active Species Dominate 
process 

Ref. 

Methyl 
Orange 

Anionic 
dye 

 

·O2
−(main process) 

h+(minor process) 
Photoreduction [270, 271] 

Rhodam
ine B 

Cationic 
dye 

 

 

h+ Photooxidation [270] 

 

1.4 Plasmonic photocatalysts 

1.4.1 The light excitation on metallic nanoparticles: plasmon 

In addition to the conventional photo-induced bandgap electron/hole excitation in the 

semiconductor, the plasmonic excitation mechanism is another emerging hot carrier excitation 

mechanism. Unlike the bandgap excitation mechanism in semiconductor, the conductive 

electrons in metals and semi-metals are ‘free’ to move and able to exhibit a collective 

oscillation under interaction with an external electromagnetic wave, which is known as the 

plasmonic resonance. Due to its well-defined behaviour, the oscillation of electrons is 

quantized into a quasiparticle, plasmon. For bulk metals, the lattice can be treated as infinitely 
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large and the conductive electrons can be described by the Drude-Sommerfeld model. The 

collective oscillation frequency (𝜔') of the electrons, the plasma frequency, is an intrinsic 

property of the metal and described by the following equation: 

 𝜔'. =
=>#

?$@%
  (1.14) 

where n is the free electron density, e the charge of an electron, 𝜀A the dielectric constant of 

vacuum and the 𝑚> is the effective mass of the electron in the lattice [49, 272]. Any light with 

a frequency lower than the plasma frequency will be reflected by the metal. Most the metals 

possess the plasma frequency at the deep UV region, which is the reason why metals have a 

shiny appearance and are good reflector materials. When considering the plasmon excitation 

by photon, only the interaction with the surface of the metal is practical due to the limited 

penetration depth of the light. As shown in Figure 1.13(a), the excited plasmon propagates on 

the metal surface, which is called the propagation surface plasmon polaritons (PSPP). In the 

research field of photocatalysis, the interaction between light and nanoparticles with a 

diameter much smaller than the light wavelength becomes more important. It is because most 

of the photocatalysts are nanoparticles to ensure a high surface area. Therefore, in the 

following section, we focus on the review of the interaction between light and nanoparticles. 

Different from PSPP, the excited plasmon in nanoparticles is localized at the surroundings of 

the nanoparticle (Figure 1.13(b)). The corresponding phenomenon is known as the localized 

surface plasmon resonance (LSPR).  
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Figure 1.13. Scheme of (a) propagating surface plasmons and (b) localized surface plasmon. Reproduced with 
permission from ref. [273]. 

1.4.2 The generation and the transfer of hot carriers in nanoparticles 

Then it is necessary to focus on the electron excitation process, which generates the ‘hot 

carriers’ driving the photocatalytic reaction. After the generation of LSPR, it quickly decays 

in both radiative (𝛤B*C) and non-radiative ways. The latter can be further classified into bulk-

like decay (𝛤D ) and surface-assisted decay (𝛤,EB ), which becomes more prominent on 

nanoparticles with small radium (r) due to its high surface to bulk ratio [274]:  

 𝛤%(%*! = 𝛤B*C + 𝛤D + 𝛤,EB  (1.15) 

 𝛤,EB =
FG&
B

  (1.16) 

where A is a coefficient determined by the theory and always be used as a fitting parameter; 

and vF is the Fermi velocity.  

As shown in Figure 1.14(a), the decay of LSPR will firstly (within 1-100 fs) excite electrons 

into a non-thermal distribution, i.e. not following the Fermi-Dirac distribution, which contains 

the higher energy. The following electron-electron and electron-phonon scattering will lower 

the energy of the hot carriers within 100 fs to 10 ps. The carriers become ‘cooler’ due to energy 
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loss in the form of heat, which further dissipates to the surroundings. Before cooling down to 

the thermal distribution (Fermi-Dirac distribution), the hot carriers have the chances to transfer 

to the supported semiconductors, adsorbed molecules to drive the reaction. The time scales for 

the excitation and the following transfer processes are illustrated in Figure 1.14(b).   

 

Figure 1.14. The (a) scheme and (b) time scale for hot carriers generation, transfer and thermalization. Reproduced 
with permissions from references [275, 276]. 

Besides the time scale, it is also important to know the quantity and the energy distribution of 

the hot carriers generated due to plasmonic excitation. There are two types of hot electron/hole 

pairs generations usually observed in the plasmonic materials: the intraband and interband 

excitations. The intraband excitation is the process for an electron excited from a filled sp 
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orbital to the unoccupied sp orbital. This process causes the changes in the momentum and 

requires assistances from phonons or the surface to obey the crystal momentum conservation. 

Therefore, it is a relatively slow process and only significant in small nanoparticles (< 10 nm 

[274, 277]). On the contrary, the interband transition from occupied d to unoccupied sp orbital 

needs no change of the crystal momentum. A more significant d-sp interband excitation 

contribution is usually observed in the plasmonic metals with relatively large size. The energy 

distribution of hot carriers in non-thermal distribution is directly related to the different 

contribution of interband and intraband electronic excitations [277, 278]. As shown in Figure 

1.15(a), taking Au nanoparticle as an example, the d-band is more localized than the wide-

spread sp-band in the electronic band structure. Due to the decay of plasmon with the energy 

of ℏ𝜔, the electron in d-band is excited into the unoccupied sp-band with the formation of a 

hole in the d-band position. The sp-band close to the Fermi level can also be excited to the 

unoccupied sp-band with the assistance from phonon and surface. As shown in Figure 1.15(b), 

the interband excitation brings excited electrons with lower energy than the intraband 

excitation. However, the holes excited via interband excitation are more energetic than the 

intraband excitation, which brings more benefits to the organic pollutants photooxidation 

process investigated in this thesis. In summary, the interband electronic excitation brings 

‘hotter’ holes and ‘cooler’ electrons with larger quantity; while the intraband electronic 

excitation causes ‘cooler’ holes but ‘hotter’ electrons in smaller quantity. It is important to 

emphasize the contributions of interband and intraband are dependent on the electronic 

structure and geometry of the nanoparticle. 

 

Figure 1.15. Schemes of (a) interband and intraband excitation during the plasmon damping and (b) 
corresponding non-thermal distribution of hot carriers. The scheme is based on the electronic structure of Au 
nanoparticle. 
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1.4.3 Plasmonic excitation in photocatalytic dye degradation. 

1.4.3.1 Catalysts design 

The plasmonic photocatalysts have shown its promising application in the photocatalytic 

degradation. The photocatalytic structure design of the plasmonic photocatalysts can be 

classified into two main categories: modification of plasmonic nanocrystals and 

heterostructure design. The plasmonic nanoparticle modification includes the chemical 

composition modification [279-284] and morphology design [285, 286]. In this thesis, with 

the consideration of the stability, it is focused on the modification of the chemical components 

on the plasmonic photocatalysts. Kumar et al. [287] compared the plasmonic MO 

photodegradation performance of Ag, Ni and AgNi alloy. The plasmonic photocatalytic 

activity of the alloy outperform the single-component counterparts. Verbruggen et al.[288] 

prepared the Au-Ag nanocrystal alloy with controllable atomic ratio. With the variation of the 

Au/Ag ratio, the characteristic plasmonic peak can be tuned continuously to achieve a broaden 

adsorption of solar light. Under simulated solar-light irritation, the Au-Ag plasmonic 

photocatalyst showed 16% higher activity than the benchmark P25-TiO2 on stearic acid 

photodegradation. In addition to direct use the plasmonic nanoparticles, the heterostructure 

between metal nanoparticles and semiconductor shows its unique efficiency in photoinduced 

electron/hole separation. The plasmonic metals have been reported to exhibit excellent 

photocatalytic activity on many supports including TiO2 [289, 290], SiO2 [291, 292], ZnO 

[293, 294], BiOCl [295-297], WO3 [298, 299] etc. As one of the most well-documented 

photocatalysts, the Au/TiO2 has also been proven as high-performance plasmonic 

photocatalyst for dye degradation. Ding et al. [300] compared the MO photodegradation 

performance of Au/TiO2 synthesized via different methods. The good Schottky contact was 

emphasized by the authors for excellent photocatalytic activity. Different from TiO2 that only 

adsorbing light in the UV region, C3N4 with a reduced bandgap within the visible light range 

has also been combined with plasmonic metal to achieve a synergistically enhanced visible-

light photocatalytic dye degradation. Bai et al. [301] prepared the Ag@C3N4 core-shell 

structure that achieved a 1.8 times MB photodegradation performance of the pristine g-C3N4 

sample. Cheng et al. [302] loaded Au on C3N4 nanosheets with a photo-deposition method. 

The improved visible-light MO photodegradation performance was attributed to the 

enhancement charge separation due to the heterostructure. Zhang et al. [303] synthesized the 

Au/NaYF4: Yb3+/C3N4 heterostructure, which achieved a broad band light adsorption from UV 

to near infrared (NIR) range for MO photodegradation. The plasmonic Au nanoparticles 
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provided the stronger photocurrents by a factor of ~ 5.5 times comparing with non-plasmonic 

control group sample, which was ascribed to the enhancement photocatalytic activity. 

1.4.3.2 Plasmonic photodegradation mechanism 

The simplest mechanism for plasmonic photodegradation is the direct transfer of plasmon 

excited hot holes into the adsorbed molecule [304-306]. Boerigter et al. [307, 308] reported 

the Ag nanoparticles as plasmonic photocatalysts for MO degradation. The experimental 

results challenged the conventional understanding that the plasmon excited electron-hole pairs 

underwent the thermalization before being injected into the adsorbed molecule. Instead, the 

holes in the non-thermal state were direct-injected into the electronic state formed between 

adsorbed molecule and Ag. Tesema et al.[309] further compared the conversion of MB 

adsorbed on plasmonic Au nanoparticle surface under different irradiation wavelength. Their 

results suggested the degradation happened only when both the metal nanoparticle and MB 

molecule were excited by the incident light. 

On the heterostructure between plasmonic nanoparticle and semiconductor, an indirect hot 

carrier transfer mechanism is often reported [310]. As shown in Figure 1.14(b), the hot carriers 

in the non-thermal state can be injected into the semiconductor at a time scale of ~20 ps. The 

short separation time ensures the higher energy for the charge carriers before the 

thermalization, which induces a higher photocatalytic activity. Li et al. [311] synthesized the 

Ag/AgCl-Bi2MoO6 ternary photocatalyst for RhB photodegradation under visible light. The 

plasmon excited electron was proposed to inject into the CB of both AgCl and Bi2MoO6. The 

plasmon excited holes in Ag and bandgap excited holes in Bi2O4O6 contributed together to the 

photodegradation performance. He et al. [312] proved that the Ni was an efficient plasmonic 

non-noble catalyst. The Ni nanoparticles were loaded onto TiO2 and tested with MB 

photodegradation under visible light irradiation. The mechanism that electron injection from 

Ni to TiO2 under plasmonic excitation and the holes staying in Ni for photodegradation was 

proposed as the mechanism. 

In addition to direct or indirect usage of holes generated by plasmonic excitation, the near-

field optical enhancement is another mechanism proposed [313]. Hou et al. [314] performed 

plasmonic photodegradation of MO on Au/TiO2 under UV-Vis light irradiation. The authors 

claimed the LSPR induced strong electromagnetic field around the TiO2 nanoparticles could 

facilitate the UV light adsorption of TiO2. 
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1.5 Conclusions 

In the chapter, the principle of photocatalyst design and photocatalytic reaction mechanisms 

are summarized. The recent progresses are updated and reviewed.  

In the case of photocatalyst design, the heterogenous structure design and atom doping 

strategies are still the two main methods to enhance the photocatalytic activity. Both the two 

strategies have its advantages and disadvantages, therefore the optimal method for a specific 

photocatalyst needs to be studied case by case. For heterogeneous structure building, the most 

outstanding advantage is that it can significantly enhance the charge carrier separation. For 

more advanced design, such as Z-scheme heterostructure, the high photo-reduction and 

oxidation can be perfectly reserved. The main advantage of the heterojunction design is its 

complexity. An extra semiconductor or co-catalyst is needed to be introduced, which will 

significantly change the chemical composition of the catalysts. Due to the large difference 

between the two phases across the interface, the reaction selectivity will be altered. For 

elemental doping strategies, the most outstanding advantage is its ability to modify the 

electronic structure of the semiconductor. It can just the bandgap, VBM, CBM values to meet 

the specific requirements of different target reactions. In addition, the doping is very facile to 

implement, which doesn’t require additional steps in photocatalytic preparation. The doping 

strategy has its drawbacks too. The doping inevitably introduces defects into the crystal, which 

can cause the decrease of bandgap and compromises on the photo-reduction or oxidation 

capability. 

For photocatalysts aiming for pollutant remediation, the main challenge is still the low 

photocatalytic activity. Only by increasing its photocatalytic performance, the practical 

application is economically feasible. From a more fundamental perspective, the mechanisms 

to enhance the photocatalytic performance are still elusive. A clear understanding of 

mechanisms can significantly help to optimize the catalysts design. The factors limiting the 

photocatalytic activity of the photocatalysts include low SSA, high electron-hole 

recombination rate and unoptimized electronic structure. The goal of this thesis is to further 

develop the new photocatalyst for high-performance photocatalytic dye degradation. By 

designing new synthesis methods and using heteroatom doping strategies, it is aimed to 

achieve a high photocatalytic dye degradation performance for our new photocatalysts. By 

carefully control the variables in the experiments, the enhancement mechanism of elemental 

doping is expected to be unravelled. 
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Chapter 2 Materials and Methodology 

2.1 Materials 

The chemicals used in the research are summarized in Table 2.1. 

Table 2.1. The list of chemicals used in the thesis 

Chemicals Grade Supplier 

Potassium Chloride Extra pure, 99+% ACROS organics 

Zinc Chloride ≥98% Sigma-Aldrich 

Lithium Chloride ≥99% Sigma-Aldrich 

Nitric Acid ≥65% (T) Sigma-Aldrich 

Cyanamide 99% Sigma-Aldrich 

Dicyandiamide 99.5% ACROS organics 

Melamine 99% ACROS organics 

Cyanuric Chloride ≥99.5% (w/w) Sigma-Aldrich 

Titanium Chloride 99.9% ACROS organics 

Urea 99.5%, for analysis ACROS organics 

Acetonitrile Extra pure ACROS organics 

Barium Sulfate Precipitated, 99% Alfa Aesar 

Hydrochloric acid 0.1 M Fisher scientific 

Ethanol Absolute, ≥99.8% Fisher scientific 

Sodium Sulfate Anhydrous, ≥99% Sigma-Aldrich 

Nafion solution 5 wt.% Sigma-Aldrich 

Methyl Orange Pure Honeywell Fluka 

Rhodamine B Pure ACROS organics 
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2.2 Experimental procedures and nomenclatures 

2.2.1 Synthesis of g-C3N4 via the molten salt method  

To synthesize g-C3N4, 3 g of melamine and 5 g of KCl (1.58 g), ZnCl2 (3.42 g) mixture with 

a molar ratio of 0.457:0.543 were fully ground in an agate mortar, and the as-obtained powder 

was then transferred to a ceramic crucible (20 mL) and covered with a ceramic lid. The crucible 

was then placed into the centre of a tube furnace. The furnace was firstly vacuumed and then 

back-filled with N2 for 3 times in order to get rid of O2. The tube furnace was then heated to 

500 °C with a ramping rate of 1 °C min−1 and kept at 500 °C for 2 h under N2 gas flow (100 

sccm). The as-obtained solid was washed with HNO3 (5%) aqueous solution under reflux 

condition. After further rinsing with DI-water for several times until the pH=7 and the powder 

was dried at 80 °C under vacuum overnight. The as-prepared sample was marked as C3N4-M. 

The other 2 samples were prepared in a similar way, except the precursors were cyanamide 

and dicyandiamide, respectively. The samples were denoted as C3N4-C and C3N4-D 

accordingly. 

A eutectic system is a homogeneous, solid mixture of two or more substances; the mixture 

either melts or solidifies at a lower temperature than the melting point of any of the individual 

substances. A eutectic system only forms when there is a specific ratio between the 

components. At this ratio, the eutectic temperature corresponding to the lowest melting point 

of a mixture of components. In order to unravel the advantage of the unique C3N4 synthesis 

method using KCl-ZnCl2 eutectic system, the control group C3N4 sample was prepared via a 

conventional KCl-LiCl molten salt method. A typical eutectic mixture of 2.79g KCl and 2.21 

g LiCl (0.418:0.582 in molar ratio) was used as the molten salt. 3 g of dicyandiamide was fully 

mixed by grinding them in a mortar and treated in the same procedure as described above. The 

as-obtained control group sample was marked as C3N4-D-Li.  

Another important control group sample is the C3N4 prepared by directly calcinating melamine 

in static air. As the prevailing method used to prepare the C3N4 in the literature, this control 

group sample could act as the benchmark for comparison. Typically, 10 g of melamine powder 

was put into an alumina crucible with a cover. The crucible was then placed into the centre of 

a muffle furnace, then heated to 500 oC at a ramp rate of 10 oC min-1. After soaking at 500 oC 

for 2h, the furnace was cooled down to room temperature naturally, the yellow product was 

collected and then ground into fine powder in an agate mortar and denoted as C3N4-M-Air. 
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2.2.2 Synthesis of agitation assisted C3N4 

Cl- doped C3N4 was successfully prepared by a one-step template-free solvothermal method 

under controlled agitation. To prepare Cl doped C3N4, 15 mmol of cyanuric chloride, 7.5 mmol 

of dicyandiamide, and 60 ml acetonitrile were added into a 150 ml Teflon-lined autoclave. The 

temperature of the reactor was monitored via a K-type thermocouple inserted into a blind hole 

in the wall of the stainless-steel reactor. The heating tapes tightly surrounding the reactor was 

controlled by a proportional–integral–derivative (PID) temperature controller. The ceramic 

wool cover was used for the thermal insulation of the reactor (as shown in Figure 2.1). The 

reaction system was agitated by a Teflon coated magnetic stirring bar (6mm × 30mm) under 

controlled agitation speed. In the synthesis progress, the reactor was heated to 180˚C with the 

ramp rate of ~10 oC min-1. During 48 hours of soaking at 180 ˚C, the agitation was maintained 

constantly. After cooling down to room temperature naturally, the sample was collected and 

washed by deionized water and ethanol (~300 mL) under vigorous stirring for three times. 

Then, the sample was dried in a vacuum oven at 80°C overnight.  

 

Figure 2.1. Schematic illustration of the synthesis instrument 

The C3N4 samples synthesized via solvothermal method with agitation rates of 0 rpm, 60 rpm 

(minimum rate of magnetic stirrer), 100 rpm, 400rpm, 750rpm and 1100rpm (maximum rate 

of magnetic stirrer) have been denoted as 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 

and 1100-C3N4, respectively, in the rest of this thesis. 
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2.2.3 Synthesis of C-doped TiN/ultrathin carbon layer 

TiN/ultrathin carbon layer heterostructures were synthesized via the calcination of 

TiCl4/ethanol with urea glass mixture under N2 flow. Two parameters, calcination temperature 

and urea/TiCl4 molar ratios, were controlled during the synthesis procedure. To be more 

specific, 580 μL TiCl4 liquid was added into 3 mL ethanol under vigorous stirring (Safety 

caution: the reaction is extremely exothermic and generates toxic vapours). Then 0.3, 0.9, 1.5, 

3 and 4.5 g urea, which are 1, 3, 5, 10, 15 times of TiCl4 molarity, was added to the solution 

forming the ‘urea glass’ gel [1]. After achieving a homogenous paste after 30 min, the ‘urea 

glass’ was transferred to a crucible and placed in the middle of a tube furnace. To get rid of 

air inside the quartz tube, the tubing furnace was purged with N2 flow (100 sccm) for 1 h at 

room temperature. Then the furnace was heated to 900 oC with 300 min soaking time. The 

ramping and cooling rates was kept at 3 oC min-1. After cooling to room temperature, the 

prepared powder was withdrawn from the tube furnace and stored inside a desiccator. To keep 

the names of the samples concise, the samples were denoted as TiN-0.3-900, TiN-0.9-900, 

TiN-1.5-900, TiN-3.0-900 and TiN-4.5-900, respectively, depending on the amount of urea 

used. The other groups of samples were prepared in a similar way, except keeping the urea 

amount at 3 g and calcinated within the temperature range from 500 to 1100 oC in a step of 

100 oC. The prepared samples are named as TiN-3.0-500, TiN-3.0-600, TiN-3.0-700, TiN-3.0-

800, TiN-3.0-900, TiN-3.0-1000, and TiN-3.0-1100 to represent the different calcination 

temperature. 

2.3 Characterization techniques 

2.3.1 Molecular structure analyses 

Powder X-ray diffraction (XRD) patterns of the prepared samples were characterized using an 

X-ray diffractometer (Phaser-D2, Bruker) with Cu Kα X-ray source (K-Alpha1 [Å]=1.5406) 

at the voltage of 40 kV and current of 40 mA. The XRD patterns were collected using step 

scans with a step of 0.05o and a counting time of 0.2 s per step between 5o and 80o. XRD was 

performed with an X-ray diffractometer (Bruker D2 PHASER diffractometer) equipped. The 

Debye–Scherrer equation (see Eq.(2.1)) was used to calculate the average crystal sizes: 

 D = K4
H)(,I

  (2.1) 
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where D is mean size of the crystalline domains; K is the shape factor and usually takes the 

typical value of 0.89; β is the full width at half maximum of the peak in radians (FWHM); λ is 

the X-ray wavelength; θ is the diffraction angle, respectively [2]. 

Both core-level and VB X-ray photoelectron spectroscopy (XPS) were recorded using an X-

ray photoelectron spectrometer (ThermoFisher K-Alpha) with the Al Kα X-ray source. The C, 

H and N chemical compositions of the prepared C3N4 samples were determined with an 

organic elemental analyser (Carlo Erba NA2500).  

The infrared (IR) transmission spectrum was collected on a Fourier transform infrared 

spectrophotometer (FTIR, Shimadzu IRTracer-100) following the KBr pellet method. The 

sample was first mixed with 100 mg pre-dried KBr powder by carefully grinding in a mortar. 

Then, the mixture was pressed into a pellet in the diameter of 13 mm using a hydraulic press. 

The prepared KBr pellet was placed inside the FTIR spectrometer vertically to the incident 

beam. The spectrum within the range of 600-4000 cm-1 was collected in the resolution of 4 

cm-1 by averaging 64 scans.  

The thermal properties of the obtained samples were investigated using thermogravimetric 

analysis with a simultaneous thermal analyser (Mettler Toledo, TGA/DSC 3+.) About 5 mg 

of each sample was heated in aluminium crucibles from 25 oC to 1000 oC and collect the 

differential scanning calorimetry (DSC) and thermogravimetric analyses (TGA) data. 

2.3.2 Morphology characterization 

To obtain the morphological information of the prepared samples, a scanning electron 

microscope (SEM, Carl Zeiss SIGMA HD VP Field Emission SEM) was used. The sample 

was directly held on the copper tape (gold coating for non-conducting sample). An additional 

X-ray energy dispersive spectrometer (EDS, Oxford AZtecEnergy) in the SEM was used to 

determine the elemental composition of the samples. The partial sizes and structure were 

further examined by the transmission electron microscopy (TEM, JEOL JEM-2100F), the 

representative images were collected on a GATAN One View camera. Scanning transmission 

electron microscope (STEM) of as-prepared samples were conducted in the same instrument.  

2.3.3 Measurements of specific surface areas  

Nitrogen adsorption–desorption isotherms were determined at 77k with an automatic gas0-

sorption analyser (Quantachrome, Autosorb-iQ). The BET (Brunauer–Emmett–Teller) theory 
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is used to calculate the SSA of the samples based on the N2 adsorption results. BET adsorption 

isotherm at the boiling temperature of nitrogen can be seen in Eq. ((2.2). The plot of -

J[L'$' M1-]
 

as a function of O
O$

 could also be called BET graph. When P/P0 is in the range of 0.05-0.35, the 

points in BET plot shows better linearity. The adsorption isotherm can be used to calculate the 

SSA of solid materials by Eq. (2.3), where NA is Avogadro's number, s the adsorption cross 

section of the adsorbing species, V representing the molar volume of the adsorbate gas and a 

is the mass of the adsorbent material [3]. 

 -

J[L'$' M1-]
= )1-

J()
^ O
O$
_ + -

J()
  (2.2) 

 𝑆PQR =
J(S),
T*

  (2.3) 

Where P, P0 are the equilibrium and the saturation pressure, v, vm are the adsorbed gas quantity, 

monolayer adsorbed gas quantity, and c is BET constant, respectively. 

2.3.4 Electronic structure analyses 

Light adsorption and bandgap determination were conducted by ultraviolet-visible diffuse 

reflectance spectroscopy (UV-Vis DRS) on a UV-Vis spectrophotometer (UV-3600 plus, 

Shimadzu) equipped with a commercial accessory (Praying Mantis, Harrick). Generally, the 

band gap energy of the powdery sample was determined using the Tauc approach, which is 

given by the Eq. (2.4)[4]. 

 𝑎ℎ𝑣 = A(ℎ𝑣 − 𝐸#)=  (2.4) 

Where hν is the photon energy; Eg is the forbidden band gap; A is a constant; n takes 1/2 or 2 

values depending on the direct or indirect bandgap transition of the semiconductor; a is the 

absorption coefficient. As for powder samples with “infinite thickness”, DRS is more accurate 

than optical absorption spectroscopy[5]. The Kubelka-Munk (K-M) theory was applied to 

convert DRS into the equivalent absorption coefficient: 

 𝐹(𝑅) = (-1V)#

.V
= X

Y
  2.5 

Where R is the reflectance of the sample, K is the absorption and S is the spectral scattering 

factor as a constant in common assumption. The band gap Eg can be estimated by fitting a 
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tangent line to the linear portion of the plot of (𝐹(𝑅)ℎ𝑣)
*
+	vs hv and extrapolating its value to 

hν-axis[6]. 

In Chapter 5, Density functional theory (DFT) theoretical calculations were used to investigate 

the electronic structures of the samples. The DFT calculation were conducted using plane-

wave basis sets implemented in the Quantum Espresso package [7, 8]. The Perdew-burke-

Ernzerh of functional optimised for solids (PBEsol [9]) was used to describe the exchange-

correlation energy and potential. Ultrasoft pseudopotentials in GBRV-library [10] were used 

to represent the nucleus and core electrons and the energy of 45 and 450 Ry was used as the 

cutoff energy for the wave function and charge density/potential, respectively. A gaussian 

smearing of 0.01 Ry was used to accelerate the convergence. The 2 × 2 × 2 supercells of TiN 

were built up with 1 N atom replacing by C atom representing the C doped TiN crystal 

structure. The Monkhorst-Pack k-points meshes with the size of 20 × 20 × 20 and 10 × 10 × 

10 were used for the structure relaxation of the TiC, TiN primitive cells and C-doped TiN 

supercell, respectively. The denser k-points meshes of 40 × 40 × 40 and 20 × 20 × 20 for more 

accurate sampling of the Brillouin zone were adopted for the electronic structure calculations 

for TiC, TiN primitive cells and C-doped TiN structure. 

2.3.5 Photoelectrochemical experiments 

Photoelectrochemical tests were conducted with a typical 3-electrode configuration using a 

potentiostat (Metrohm, Autolab PGSTAT204). The reference electrode was Ag/AgCl (0.1 M 

KCl, CHI Instruments), the counter electrode was a Pt-coil (CHI Instruments) and the 

electrolyte was the 0.1 M KCl aqueous solution,as shown in Figure 2.2(a). The working 

electrode was prepared via the following procedure. A 15 × 15 mm2 indium tin oxide coated 

glass (ITO glass) was used to support the catalysts as working electrode. A geometric area of 

0.75 cm2 was kept as an active area on the ITO glass with the rest of the surface insulated by 

scotch tape. For the simulated solar light irradiation photoelectrochemical test, 0.1 mol L-1 KCl 

aqueous solution was used as the electrolyte and a graphite rode as the counter electrode. No 

potential bias was applied during the experiments, as shown in Figure 2.2(b). A glassy carbon 

electrode in 1.5 × 1.5 cm2 size was used as the substrate for catalysts and an active area of 0.75 

cm2 was defined by covering the rest surface with insulation tape. A crocodile clamp with 

copper lead was used for the wire of the working electrode. The whole clamp and wire were 

kept out of the solution to prevent any corrosion. 2 mg of catalysts were dispersed into 0.2 mL 

ethanol by ultrasonication. 10 μL Nafion 5% solution was then added into the solution forming 

a homogenous mixture. A total amount of 0.1 mL mixture was then added onto the glass in 
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portions of 20 μL each time. After dried at room temperature, the working electrode was ready 

for the photoelectrochemical experiments. During the transient photocurrent response 

experiments, a Xenon lamp (Thorlabs, SLS 401) was used to provide the simulated solar light; 

the Xenon lamp equipped with a 420 nm long-pass filter was used to provide the visible light 

for catalysts excitation. A build-in optical shutter was used to chop the light beam regularly. 

A bias potential of 0.2 V (vs Ag/AgCl, 0.1M KCl) was applied to the working electrode during 

the tests and the data acquisition interval was set at 0.1 s.  

 

Figure 2.2. Schematic illustration of the (a) three-electrode system and (b) two-electrode system 

2.3.6 Carriers dynamics analyses  

Photoluminescence (PL) spectra were measured on a fluorescence spectrometer (RF6000, 

Shimadzu) with the excitation wavelength of 325 nm, and the emission wavelength range is 

350-620 nm. The time-resolved fluorescence spectroscopy was conducted on the fluorescence 

spectrometer (FLS920, Edinburgh Instrument) with a pulsed excitation source of 325 nm and 

monitoring the fluorescence intensity decay at the corresponding PL peak wavelength. 

2.4 Photocatalytic evaluations 

The photocatalytic activity of the prepared samples was evaluated by the probe reaction, i.e. 

photocatalytic RhB or MO degradation under visible light irradiation. A 300 W Xenon lamp 

(PLS-SXE300, Beijing Perfectlight technology co.) with/without a 420 nm long-pass filter 

was used to provide the visible light/UV-Vis light to drive the reaction. The power density of 

the light reaching the catalysts was measured to be 508 ± 10 mW cm-2 using a thermopile light 

power meter (Thorlabs, PM16-401). A jacketed glass beaker was used as the reactor with water 

circulation to keep the solution temperature constant during the photocatalytic experiments, a 
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schematic diagram is shown in Figure 2.3. For each degradation experiment, 12 mg of catalyst 

was dispersed into a 60 mL RhB aqueous solution in the concentration of 10 ppm. Before the 

photocatalytic reaction, the solution was ultrasonicated for 10 min and kept under mechanical 

stirring for another 25 min in dark to achieve a homogeneous catalyst dispersion and enable 

the estimation of the adsorption capability of the catalysts towards RhB. Then, visible light 

driven photocatalytic RhB degradation experiments were conducted for 125 min under 

constant stirring. 3 mL aliquots were collected every 25 min for RhB concentration 

measurements. The aliquots were firstly centrifuged at 9000 rpm for 7 min to separate the 

catalysts. Then, the catalyst-free solutions were transferred into a cuvette and tested by a UV-

Vis spectrometer (Analytik Jena, SPECORD PC 250). The test parameter details for each 

sample are listed in the table below (Table 2.2).  

 

Figure 2.3. Schematic illustration of degradation reactor 

Table 2.2. The parameters of photodegradation experiments in each chapter 

Sample Filter The power density of 
the light (±10 mW cm-2) Dye Photocatalysts 

usage (mg ml-1) 
Chapter 3 no filter 720 MO and RhB 0.2 

Chapter 3 420 nm long-pass 508 MO and RhB 0.2 

Chapter 4 420 nm long-pass 508 RhB 0.2 

Chapter 5 420 nm long-pass 508 RhB 0.2 
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2.5 Models and calculations 

2.5.1 Evaluation methods for photocatalytic degradation of dye 

UV-Vis absorption spectroscopy was used to determine the concentration of the dye solution 

after different photocatalytic reaction time. When the solution is dilute enough, the absorbance 

of monochromatic light by the dilute solutions with different concentrations follows the Beer-

Lambert law: 

 𝐴 = lg Z$
Z,
= 𝛼 ∙ 𝑙 ∙ 𝑐  (2.6) 

In Eq. (2.6), A is the light absorbance; I0 and IT are the incident and transmitted light intensities, 

respectively; α (L∙g-1∙cm-1) is absorptivity; l is the optical path length in solution, and c is the 

concentration of the dye solution. 

The concentration of organic pollutants we choose is generally a dilute solution at the ppm 

level. There is a linear relationship between absorbance and concentration according to Beer-

Lambert law. The calibration curves of MO and RhB concentration and absorbance are 

presented in Figure 2.4. Therefore, the concentrations of dye after different light-irradiation 

time can be indirectly calculated by measuring the absorbance of the dye solution. The 

apparent degradation rate of pollutants can be calculated according to Eq. (2.7): 

 Degradation% = F$1F-
F$

× 100% = [$1[-
[$

× 100%  (2.7) 

In the Eq. (2.7), A0, C0 and At, Ct represent the absorbance and concentration of the pollutant 

before the photocatalytic reaction and after t minutes of photocatalytic reaction, respectively. 

 

Figure 2.4. Calibration curves of (a) MO and (b) RhB absorbance plotted in the function of concentration 
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2.5.2 Kinetic model of degradation 

Several experimental results demonstrated that the photocatalytic degradation model follows 

the Langmuir-Hinshelwood (L-H) kinetic model in the experimental concentration range 

presented in this thesis. The L-H kinetic model assumes that the reaction occurs on the surface 

of the catalyst particles. This model has recently been used to describe the kinetics of 

mineralization in solid-liquid reactions accordance to the kinetic analysis [11]. As described 

in Eq.(2.8), kr is the true reaction rate constant; the reaction rate (r) is proportional to θ 

 𝑟 = − \]
\^
= 𝑘B𝜃  (2.8) 

 Where θ in Langmuir’s equation： 

 𝜃 = X[
-&X[

  (2.9) 

The reaction rate: 

 r = − \]
\^
= 𝑘B ∙

X[
-&X[

  (2.10) 

In the kinetics studies of photocatalysis, starting from Langmuir’s isotherm, the value of K is 

the constant of adsorption equilibrium which obtained through a kinetic study under light. The 

equation will be integrated to: 

 ln [$
[
+ 𝐾(𝐶A − 𝐶) = 𝑘B𝐾𝑡  (2.11) 

Where C0 is the initial concentration, C is the concentration at any time t. In the first-order 

reaction kinetics, the solution is highly diluted, and the value of C is extremely small that KC 

can be neglected[12]:  

 r = − \]
\^
= 𝑘B ∙ 𝐾𝐶 = 𝑘*''𝐶  (2.12) 

The apparent rate constant (kapp) of a pseudo-first-order reaction can be determined from the 

slope of the fitted curve when plotting ln	([$
[
) versus reaction time t from following simplified 

equation (Eq.(2.13)): 

 ln ^[$
[
_ = 𝑘*'' ∙ 𝑡  (2.13) 
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Chapter 3 Synthesis of Zn Doped C3N4 in KCl-

ZnCl2 Molten Salts: The Importance of Low 

Eutectic Temperature on Promoting the 

Photocatalytic Activity 
This work has been published by the Applied Surface Science. It is written by the first author, 

who is also the author of the present thesis. The introduction and the conclusion part are 

reproduced from original paper with some modifications. Full published version is in the 

appendix. 

 

 

3.1 Introduction 

Carbon nitride (C3N4) is regarded as a promising organic semiconductor for photocatalytic 

CO2 reduction [1, 2], water splitting [3, 4], pollutants degradation [5, 6], etc. It shows some 

unique advantages including free of transition metal elements, low toxicity and relatively high 

photocatalytic performance, and has attracted significant interests from researchers. However, 

the photocatalytic performance of pristine C3N4 still cannot meet the requirement for the 

practical applications, due to its low specific surface area (SSA), unoptimized electronic 

structure and high electron/hole recombination rate.  

The strategies to improve the photocatalytic activity of C3N4 can be classified into two 

categories: (i) modifying the molecular and electronic structures of C3N4 by heteroatom doping, 

and (ii) building up a heterostructure on C3N4. The heteroatom doping strategy includes the 

atomic doping of alkaline metal (Li, Na, K) [2, 7-11], halogen (F, Cl, Br, I) [12-16], non-noble 

transition metals (Zn, Cu, Fe, Co) [5, 16-22], noble transition metals (Ag, Pt, Pd, Ir, Au) [23-

27], and other main group elements (O, S, B, C, N, P) [9, 28-34], etc. Among them, Zn has 

been investigated and introduced into C3N4 interstitial sites via different methods [5, 17, 19, 

35, 36]. However, one of the major drawbacks of the pristine C3N4, the low SSA, has not been 

much improved after the Zn doping, and the effects of Zn doping on the photocatalytic dye 

degradation have not been investigated. The typical SSA of C3N4 synthesized via the most 

popular thermal polycondensation method is only ~ 10 m2 g-1, and several attempts have been 
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reported in the literature to increase the SSA of modified C3N4 [9, 17, 28] One of the most 

successful methods is to use the hard templates to increase the SSA of C3N4. The hard template 

method is indeed effective, but its application is limited by the high cost of the templates and 

highly toxic compounds indispensable for template removal. Using the soft template is another 

approach to improve C3N4 SSA. The soft template method is low-cost and multi-functionality, 

but less effective than the hard template approach [4, 19, 37, 38]. Therefore, it is still a 

challenge to increase the SSA of C3N4 in a facile and effective way.  

Synthesis of C3N4 in molten salt (ionothermal synthesis) has been reported to produce C3N4 

with optimized morphology and electronic structure [3]. The melted salts as the media for the 

polycondensation of organic precursors can enhance the homogeneity and crystallinity of the 

prepared C3N4. C3N4 synthesis via polycondensation of melamine in eutectic KCl-LiCl was 

reported for the first time by Bojdys et al. [39] Because of the enhanced dispersion of 

precursors inside the molten salts; the C3N4 was synthesized with larger SSA and higher 

crystallinity. Gao et al. [40] reported that the C3N4 with nanotube morphology was synthesized 

in molten NaCl-KCl-LiCl ternary system. Zhang et al. [41] reported that the condensation of 

urea inside LiCl-KCl resulted in the C3N4 with reduced interlayer distance and the enhanced 

π-π interaction, which strongly improved its photocatalytic activity. In addition, the molten 

salts have also been used to achieve the triazine based C3N4 and as a post-treatment method to 

increase the crystallinity [3, 42-44]. Although the synthesis of C3N4 in molten salts has been 

extensively investigated, most of the researches only focus on the LiCl-KCl system, and the 

essential topic of what is the optimal eutectic temperature of salt mixture for C3N4 synthesis 

has not been investigated. Moreover, because the polycondensation synthesis of C3N4 is a 

multiple-step process taking places at discrete temperatures, the specific role of melted salts 

at different polycondensation stages are still lack of understanding.   

To address the challenges and knowledge gaps mentioned above, herein, the C3N4 was 

prepared in low-temperature KCl-ZnCl2 eutectic salts with cyanamide, dicyandiamide and 

melamine as precursors, respectively. During the C3N4 synthesis, the organic precursors, 

cyanamide, dicyandiamide and melamine with increasing polycondensation degrees are the 

three major intermediates representing the three main stages. By comparing the molecular and 

electronic structures of the prepared C3N4 from different precursors, the specific roles of 

melted salts at the different stages of C3N4 synthesis were unravelled. It was found that the 

sample synthesized from dicyandiamide (C3N4-D) in molten KCl-ZnCl2 gave the high SSA of 

138.6 m2 g-1, and the valence band edge (VBM) position of C3N4 was shifted to the positive 

direction, therefore enhancing the oxidation capability. Additionally, a moderate amount of 
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Zn was introduced as the interstitial dopant during the synthesis in KCl-ZnCl2 molten salts and 

a longer photo-excited carrier lifetime was observed due to the suppressed electron-hole 

recombination. The photocatalytic dye degradation performance has been significantly 

promoted on C3N4-D comparing with the C3N4 synthesized via the thermal polycondensation 

method or in conventionally used LiCl-KCl system. 

3.2 Results and discussion 

3.2.1 The matching between the polycondensation temperature and 

melting temperature of KCl-ZnCl2 

To understand the working mechanism of melted KCl-ZnCl2 at different stages of the C3N4 

polycondensation, it is necessary to identify the temperature for each polycondensation step 

taking place. According to the literature, the preparation of C3N4 via thermal polycondensation 

is a step-wise polymerisation of monomers and oligomers, as illustrated in Figure 3.1 [45-48]. 

The cyanamide firstly dimerizes to dicyandiamide and then condenses to melamine. The 

melamine monomers can further polymerize to the melem with the release of NH3. The 

polymerization of melem unit further produces the di-melem, melon monomer and melon 

sheets. The stacking of melon sheets with interlayer van de Waals force generates the 

commonly believed g-C3N4 structure. To determine the temperature for each polycondensation 

steps during the C3N4 synthesis, the TGA experiments were conducted on the three most 

commonly used precursors under a N2 flow of 100 sccm: cyanamide, dicyandiamide and 

melamine. As illustrated by the weight percentage curves in Figure 3.2(a-c), all three 

precursors show 2 main weight losses at ~400 and ~700 oC respectively, which are attributable 

to the thermal condensation forming C3N4 and following C3N4 decomposition respectively. In 

addition, the heat flow curves offer more detailed molecular structure evolution information 

during the polymerization process. As illustrated in Figure 3.2(a), there are 8 heat flow peaks 

in the TGA-DSC profile. The first 7 peaks are related to C3N4 formation and the last is 

attributed to C3N4 decomposition. The endothermal peak i refers to the melting of cyanamide 

at ~ 44 oC. The peak ii at 170-174 oC can be assigned to the reaction that converting cyanamide 

to dicyandiamide. The peak iii at 207 oC matches the melting temperature of dicyandiamide. 

Within the range of 248-262 oC, the peak iv represents the formation of melamine from 

dicyandiamide. After the melting and sublimation of melamine at 328-343 oC (peak v), the 

melamine further converts to melem at ~394 oC (peak vi). The final C3N4 formation from 

melem condensation step happens at ~524 oC (peak vii). Similar to cyanamide 
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polycondensation process, the dicyandiamide (Figure 3.2 (b)) and melamine (Figure 3.2 (c)) 

show the similar polycondensation steps except that the steps related to the formation of 

dicyandiamide or melamine are not included. All these steps and corresponding peak 

assignments of the thermal analyses results and the references are summarized in Table 3.1. 

For conventional KCl-LiCl eutectic system (KCl:LiCl at 0.418:0.582 in molar ratio), the 

melting temperature is 352 oC [49]. In this work, the KCl:ZnCl2 with the molar ratio of 

0.457:0.543 exhibits a much lower eutectic temperature of 230 oC [50]. The corresponding 

phase diagrams are shown in Figure 3.3(a, b). Comparing the temperature between each 

polycondensation step and eutectic temperature of two different salt mixtures, two conclusions 

can be reached: (i) for conventional KCl-LiCl mixture, the eutectic temperature locates 

between the steps of melamine melting and formation of melem; (ii) for KCl-ZnCl2 mixture, 

the eutectic temperature is between the steps of dicyandiamide melting and formation of 

melamine. Therefore, when using the KCl-ZnCl2 eutectic salts mixture, the dicyanamide and 

melamine oligomers show a significantly improved dispersion in the melting salts during their 

polycondensation process.  
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Table 3.1. The stages during the C3N4 synthesis from precursors and corresponding peak assignments. 

Temperature 
(oC) 

Endo/exothermal 
(END/EXO) 

Physical/chemical 
process 

Peak assignment Ref cyanamide dicyandiamide melamine 
45 END melting of cyanamide i   [51] 

170-174 EXO reaction of cyanamide 
to dicyandiamide ii   [48] 

207 END 
melting of 

dicyandiamide 
iii i  [51] 

248-273 EXO 

reaction of 

dicyandiamide to 

melamine 

iv ii, iii  [48] 

330-343 END 

melting/fast 

sublimation of 

melamine 

v iv i 
[51-

53] 

367 END 
fast deamination of 

melamine 
  ii [54] 

381-394 END 
reaction of melamine 

to melem  
vi v iii 

[48, 

54] 

516-553 END 
reaction of melem to 

C3N4 
vii vi iv 

[46, 

48, 

55] 

718-730 END 
decomposition of 

C3N4 
viii vii v 

[52, 

53, 

56] 
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Figure 3.1. Scheme of C3N4 formation process via thermal polycondensation process from cyanamide 
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Figure 3.2. The TGA and heat flow curves of (a) cyanamide (b) dicyandiamide and (c) melamine under protection 
of flowing N2 (100 sccm). The peak pointing up representing the exothermal process. The eutectic temperatures of 
LiCl-KCl mixture (352 oC) and KCl-ZnCl2 (250 oC) were marked using pink and purple solid lines respectively. 

 

  

Figure 3.3. Phase diagrams of (a) KCl-LiCl and (b) KCl-ZnCl2 salt mixture systems [49, 50] 
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3.2.2 Characterization of molecular structure 

The crystal structure of prepared C3N4 has been characterized via the XRD experiments. 

Figure 3.4(a) indicates that all the samples prepared in KCl-ZnCl2 molten salts exhibit the 

typical diffraction pattern of C3N4 with only one prominent peak located at 27o. This peak is 

attributed to the (002) facets derived from the stacking of C3N4 layers[28]. Comparing with 

the control group samples of C3N4-M-Air and C3N4-D-Li, the samples prepared in KCl-ZnCl2 

molten salts show lower crystallinity. The peak corresponding to the (100) facets is only 

observable in the control group samples C3N4-M-Air and C3N4-D-Li, whereas this peak is not 

observed in the XRD patterns of the C3N4 synthesized in molten KCl-ZnCl2. The absence of 

(1 0 0) peak indicates the less ordered on-plane heptazine unit repetition ascribed to the doping 

and structure distortion. The FTIR spectroscopy is used to characterize the molecular 

structures of the prepared C3N4 samples and the collected spectra are presented in Figure 

3.4(b). It can be seen that all the 3 samples prepared in molten KCl-ZnCl2 system show similar 

patterns with C3N4-M-Air. The peak at 807 cm−1 is assigned to the breathing mode of the 

triazine unit is weak, which indicates the high condensation degree for all three samples. The 

peak at 807 cm-1 can be assigned to the breathing mode of the triazine unit. The peaks from 

1621 to 1240 cm-1 can be attributed to the C-N-C or C-NH-C vibration in the heptazine 

heterocyclic structure [28, 45, 57]. And the peak at 2177 is derived from the vibration of -C≡N 

group [7, 57]. Comparing the FTIR spectra of samples synthesized in eutectic KCl-ZnCl2 salts 

with C3N4-D-Air, the C3N4-C, C3N4-D, C3N4-M samples shows weaker absorption for the C-

N-C heterocycle range (1240-1621 cm-1). It suggests the samples synthesized in eutectic KCl-

ZnCl2 salts exhibit a more disordered structure than the C3N4-D-Air, which is consistent with 

XRD results (Figure 3.4(a)). 

 

Figure 3.4.The (a) XRD patterns and (b) FTIR spectra of C3N4-C, C3N4-D, C3N4-M and control groups of C3N4-
M-Air and C3N4-D-Li. 
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XPS is an effective tool to analyse the molecular structure of the prepared C3N4. The samples 

synthesized in eutectic KCl-ZnCl2 with different precursors exhibit similar XPS spectra with 

the control group samples. As presented in Figure 3.5(a), the C 1s spectra can be further 

deconvoluted into 3 peaks for all 5 samples. Peaks located at 284.6 eV, 286.4 eV and 288.2 eV 

are ascribed to the adventitious carbon and C-NH2, N-C=N bonds in the heptazine unit, 

respectively [58, 59]. There is an extra C 1s peak at 287.3 eV in the spectrum of C3N4-C, which 

is attributed to the C=N or C=O [60-62]. Similarly, the N 1s spectra, shown in Figure 3.5(b), 

are further deconvoluted into 3 peaks too. The peak at a binding energy of 398.7 eV is assigned 

to the sp2-hybridized aromatic triazine rings (N2C, C-N=C); peak at 399.9 eV is assigned to 

the tertiary nitrogen (N3C) bonding; peak at 400.8 eV is attributed to the -NHx functional 

groups [2, 59]. The similar assignments of C 1s and N 1s peaks suggest that the samples 

synthesized in eutectic KCl-ZnCl2 salts are constituted by on-plane repeating heptazine units. 

The slightly different C 1s spectrum of C3N4-C indicates its highly disordered structure and 

low crystallinity, which is in consistency with XRD and FTIR analyses (Figure 3.4 (a, b)). 

These experimental results suggest that the precursor with a smaller initial condensation 

degree results in a more disordered final C3N4 structure during the molten salts synthesis. The 

reason can be attribute to the initial molecule polymer condensation degree of precursor is low, 

it can be greatly affected by molten salt during the synthesis process. Therefore, the degree of 

disorder of C3N4 is high. 
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Figure 3.5. XPS (a) C 1s and (b) N 1s spectra of C3N4-C, C3N4-D, C3N4-M and control groups of C3N4-M-Air and 
C3N4-D-Li. 

To further examine the possible doping during the synthesis in the molten salts, the Zn 2p, K 

2p and Cl 2p spectra are collected and plotted in Figure 3.6(a-c). It can be seen that the Zn 

dopants are only found in C3N4-D, C3N4-C samples with significant concentration. In C3N4-

M, the Zn dopant is of trace quantities. The Zn 2p3/2 and 2p1/2 peaks are located at 1021.6 

and 1044.6 eV, respectively, which are assigned to Zn2+ coordinated into the electron-rich 

heptazine unit [5, 17]. Although K and Cl are common dopants for C3N4 in the literature, the 

XPS spectra of K 2p and Cl 2p suggest the non-existence of K and Cl dopants in all the 5 C3N4 

samples. Therefore, it can be concluded that Zn is the only dopant in the C3N4 synthesized in 

KCl-ZnCl2 molten salts. The Zn doping to C3N4 is likely to happen before the formation of 

melamine oligomers because no dopant is found when using melamine as the precursor (C3N4-

M). It also needs to be noted no dopant was observed in C3N4-D-Li, which suggests that the 
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presence of melted phase of salts is also essential for the success of atomic doping. As shown 

in Figure 3.2 and Table 3.1, the melting point of KCl-ZnCl2 (230 oC) is lower than the 

formation temperature of melamine. On the contrary, the conventional KCl-LiCl system has a 

melting point (352 oC) remarkably higher than the melamine formation temperature (248-

273oC). In summary, the successful preparation of doped C3N4 via molten salt synthesis 

method needs to meet two conditions: (i) the condensation degree of the precursor is lower 

than melamine; (ii) the melting temperature of the salt mixture is lower than the formation 

temperature of melamine.    

 

Figure 3.6. (a) Zn 2p (b) K 2p and (c) Cl 2p spectra of C3N4-C, C3N4-D, C3N4-M and control groups of C3N4-M-
Air and C3N4-D-Li. 

Organic elemental analysis (C, N, H) is an important method to help understand the effects of 

different organic precursors on the molecular structures of C3N4 synthesized in KCl-ZnCl2 

molten salts. As summarized in Table 3.2, the C3N4-M-Air shows the C/N atomic ratio of 

~0.69, which is close to the theoretical C/N atom ratio in the melon and also in consistence 

with former reports [2, 46, 63]. The C/N atomic ratio of C3N4-M-Air also provides a good 

reference for other samples. It can be seen that the C/N atomic ratios of C3N4-D, C3N4-M and 

C3N4-D-Li samples are very similar to the C3N4-M-Air reference. This result suggests that the 
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molten salts environment for C3N4 synthesis doesn’t affect the C/N ratios, and the Zn atoms 

embedded are present as interstitial rather than the substitutional dopants. The only exception 

is the C3N4-C with significantly reduced C/N atomic ratio, which is estimated at ~0.678. 

Additionally, the C3N4 synthesized in molten salts also show higher contents of H atoms. The 

C3N4-C, C3N4-D and C3N4-M contain the H atoms in the weight percentages of 2.85%, 3.11% 

and 3.06%, which are remarkably higher than C3N4-M-Air of 1.65%. These results are ascribed 

to the higher structure distortion and doping concentration, as also suggested by the XRD, 

FTIR, XPS and TGA analyses (Figure 3.5 and Figure 3.12).  

Table 3.2. Organic elemental results of C3N4-C, C3N4-D, C3N4-M and control groups of C3N4-M-Air and C3N4-
D-Li. 

 

3.2.3 Electronic structure of C3N4 synthesized in eutectic KCl-ZnCl2 

salts 

Comparing with molecular structures, the electronic structures of C3N4 samples is more 

important because the VBM and CBM determine the photooxidation and photoreduction 

potentials of the catalysts, respectively. The VBM positions are measured via the XPS VB 

spectroscopy analyses and the binding energy for VBM is determined by finding the intersects 

on the axis of binding energy. As shown in Figure 3.7, all samples exhibit the typical 

semiconductor VB spectra features. For C3N4 synthesized in eutectic KCl-ZnCl2, the C3N4-C, 

C3N4-D, C3N4-M show the binding energy of VBM at 1.28, 2.33, 2.47 eV respectively. While 

the VBM binding energy of the control group sample C3N4-M-Air and C3N4-D-Li are 2.25 and 

2.11 eV respectively. In order to further align the band edge positions between different 

samples, the VBM versus standard hydrogen electrode (SHE) is calculated using following 

equation with the X-ray photoelectron spectrometer work function (Φ) of 3.83 eV and the 

binding energy of VBM (𝐸PQ) [2, 64]: 

𝑉𝐵𝑀(𝑣𝑠. 𝑆𝐻𝐸) = 𝛷 + 𝐸PQ − 4.44 (3.1) 

Photocatalyst N (wt%) C (wt%) H (wt%) C/N (weight ratio) C/N (atomic ratio) 

C3N4-M-Air 57.61 34.10 1.65 0.5919 0.6906 

C3N4-C 48.80 28.34 2.85 0.5807 0.6775 

C3N4-D 51.27 30.36 3.11 0.5922 0.6908 

C3N4-M 52.06 30.93 3.06 0.5941 0.6932 

C3N4-D-Li 50.56 30.06 2.75 0.5945 0.6936 
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where -4.44 (eV) is the energy of vacuum referring to SHE. Therefore, the VBM (vs. SHE) of 

C3N4-C, C3N4-D, C3N4-M are calculated to be 0.67, 1.72, 1.86 eV, the VBM (vs. SHE) of 

C3N4-M-Air and C3N4-D-Li are calculated to be 1.64, 1.50 eV, respectively. 

 

Figure 3.7. XPS VB spectra of C3N4-C, C3N4-D, C3N4-M and control groups of C3N4-M-Air and C3N4-D-Li. 

The optical bandgaps of the prepared samples are derived from the UV-Vis DR spectroscopy. 

The optical responses of the samples to the incident light are plotted in Kubelka-Monk, as 

shown in Figure 3.8(a). It can be seen that the samples exhibit typical semiconductor 

behaviour. The optical bandgaps are determined by converting Figure 3.8(a) to the 

corresponding Tauc plot, as shown in Figure 3.8(b). Based on extrapolating the linear range 

of the curves to the incident light energy axis, the optical bandgaps are determined to be 3.07, 

3.17 and 3.15 eV for C3N4-C, C3N4-D and C3N4-M, respectively. Using the same method, the 

bandgaps of C3N4-M-Air and C3N4-D-Li are calculated to be 2.65 eV and 2.90 eV, respectively, 

which are in consistence with previous investigations [2, 28, 65]. It is also noted that all 

samples synthesized in the molten salts show broadened bandgap than the C3N4-M-Air. The 

bandgap increase positively correlates with the SSA increase (Figure 3.10 (a)), which is 

possibly due to the effects that reduced the g-C3N4 particle size can narrow the bandgap [1, 4, 

66]. 
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Figure 3.8. (a) UV-Vis DRS and (b) corresponding Tauc plot of C3N4-C, C3N4-D, C3N4-M and control groups of 
C3N4-M-Air and C3N4-D-Li. 

The CBM (vs SHE) can be determined from the sum of VBM (vs SHE) and optical bandgap 

(Eg): 

CBM(𝑣𝑠	SHE) = VBM(𝑣𝑠	SHE) − Eg (3.2) 

The energy positions of CBM (vs SHE) are calculated to be -2.40, -1.45, -1.29 eV for C3N4-

C, C3N4-D, C3N4-M, and -1.01, -1.40 eV for control groups C3N4-M-Air, C3N4-D-Li, 

respectively. The band position alignments are summarized and plotted in Figure 3.9. It can 

be seen from the band position alignment plot that the C3N4-D and C3N4-M show the more 

positive VBM comparing with control group sample C3N4-M-Air and C3N4-D-Li, which 

ensures the higher photooxidation capability. However, it is worth emphasizing that the 

moderate Zn doping concentration is critical because Zn dopant with smaller Mulliken 

electronegativity than C/N intends to shift the CBM/VBM to the negative direction. 

 

Figure 3.9. Band position alignment plot for samples prepared in KCl-ZnCl2: C3N4-C, C3N4-D, C3N4-M and the 
control group samples C3N4-M-Air, C3N4-D-Li. 
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3.2.4 Morphology and specific surface area 

SSA is a critical parameter for the high-performance photocatalysts since a larger SSA ensures 

more active sites for reaction. However, low SSA is one of the main drawbacks of C3N4. For 

conventional thermal polymerization of melamine or dicyandiamide in the air at 500 oC, the 

SSA for prepared C3N4 is usually ~10 m2 g-1 [28]. Even for urea or thiourea as the precursor, 

the reported SSA for the derived two-dimensional or porous C3N4 is typically only ~50-70 m2 

g-1 [54, 67-69]. The SSA of the samples prepared in this work is calculated based on the N2 

sorption isotherms obtained at 77 K, using the Brunauer-Emmett-Teller (BET) method 

(Figure 3.10 (a)). The derived SSA for C3N4-M-Air as the control group is 14.9 m2 g-1, which 

is consistent with the result in the literature [28]. For C3N4-D-Li, the C3N4 synthesized in the 

conventional KCl-LiCl eutectic system shows an improved SSA of 57.5 m2 g-1. Comparatively, 

this new molten salt synthesis method using KCl-ZnCl2 eutectic salt mixture shows 

extraordinary enhancement on the SSA of C3N4. The SSAs for C3N4-C, C3N4-D and C3N4-M 

are measured to be 110, 138.6 and 171.6 m2 g-1, respectively. They are significantly higher 

than either of the control group samples. It is worth comparing the pore size distribution curves 

to unravel the structural differences. As shown in Figure 3.10(b), the C3N4-M-Air synthesized 

via thermal condensation of melamine in air shows no obvious peaks, which is ascribed to its 

non-porous bulk structure. On the contrary, the C3N4-C, C3N4-D and C3N4-M show the peaks 

corresponding to the pore size of 3-4 nm. These mesopores are likely derived from the stacking 

of C3N4 nanoparticles with reduced sizes. In summary, it is proven that the C3N4 synthesized 

in KCl-ZnCl2 molten salts show larger SSA than the C3N4 synthesized via the conventional 

thermal polycondensation in static air or in KCl-LiCl salt mixture with higher melting 

temperature.  

 

Figure 3.10. (a) N2 sorption isotherms at 77 K and (b) pore size distribution curve of C3N4-C, C3N4-D, C3N4-M 
and control groups of C3N4-M-Air and C3N4-D-Li 



Chapter 3 

109 
 

The morphologies of the prepared samples are examined with SEM images and the 

corresponding EDS analyses, as shown in Figure 3.11(a-o). Figure 3.11 (a, b) indicates that 

the control group sample C3N4-M-Air exhibit the relatively large particles with the diameter 

of several microns. The large size of the particles limits the SSA to 14.9 m2 g-1. For the sample 

synthesized in eutectic LiCl-KCl, the C3N4-D-Li (Figure 3.11 (m, n)) exhibits a smaller 

particle in submicron size. The reduced particle size induces an enlarged SSA of 57.5 m2 g-1. 

For the samples synthesized in eutectic KCl-ZnCl2, the C3N4-C (Figure 3.11 (d, e)), C3N4-D 

(Figure 3.11 (g, h)) and C3N4-M(Figure 3.11 (j, k)) exhibit the nanoparticles with a diameter 

smaller than 200 nm and the size decreases in the sequence of C3N4-C, C3N4-D, C3N4-M, which 

is in consistence with the BET-SSA results (Figure 3.11 (a)). The EDS is used to identify the 

possible doping elements in the prepared C3N4 samples. From Figure 3.11 (c, f, i, l, o), it can 

be summarized that all the samples are mainly constituted by the C, N, O elements. For the 

control group sample C3N4-M-Air and C3N4-D-Li, the EDS spectra suggest that no dopant 

exists in the C3N4 crystals. For the samples synthesized in the eutectic KCl-ZnCl2, the EDS 

results indicate that the Zn is doped in the C3N4-C, C3N4-D and Cl is only in negligible amount. 

Different from C3N4-C and C3N4-D, Zn EDS signal is very weak in the C3N4-M. The EDS 

results suggest the C3N4 synthesized using the cyanamide with lowest condensation degree 

exhibits the highest possibility of doping, while the melamine with the highest condensation 

degree shows the lowest doping possibility. 
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Figure 3.11. SEM images and corresponding EDS analyses of (a, b, c) C3N4-M-Air, (c, d, e) C3N4-C, (g, h, i) C3N4-
D, (j, k, l) C3N4-M and (m, n, o) C3N4-D-Li. 
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3.2.5 Thermogravimetric results  

In order to quantitively determine the concentration of Zn dopants, TGA analyses were 

conducted on the C3N4-C, C3N4-D, C3N4-M and control group samples C3N4-D-Li and C3N4-

M-Air from room temperature to 1000 oC under flowing Air (100 sccm). The remained weights 

in the air at 1000 oC are 6.71%, 5.40%, 0.24% for C3N4-C, C3N4-D, C3N4-M, respectively (as 

shown in Figure 3.12). The control group samples C3N4-M-Air and C3N4-D-Li shows 

negligible residual weights. These remained materials should be the doping elements in their 

most stable oxide form. Since Zn has been proven as the only dopant as detected by XPS 

(Figure 3.6), EDS (Figure 3.11) analyses, the remained weights are believed to be ZnO. 

Therefore, the calculated Zn dopants concentrations are 5.39wt%, 4.34wt% and 0.19wt% for 

C3N4-C, C3N4-D, C3N4-M, respectively (summarized in Table 3.3). Note that the content of 

the dopant increases in the sequence of C3N4-M< C3N4-D < C3N4-C, which is opposite to the 

sequence of organic precursor polycondensation degree. The result indicates the use of the 

precursor with a lower condensation degree will result in a more heavily doped C3N4. 

 

Figure 3.12. TGA analyses in flowing air (50 sccm) of C3N4-C, C3N4-D, C3N4-M and control group sample C3N4-
D-Li. 

Table 3.3. Zn doping concentrations calculated by TGA 

 Zn dopant (wt%, TGA) 

C3N4-C 5.39 

C3N4-D 4.34 

C3N4-M 0.19 

C3N4-M-Air 0 

C3N4-D-Li 0 
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3.2.6 Photoelectrochemical analyses 

Photocurrent response is an important evidence reflecting the ability of photocatalysts in 

generating electron-hole pairs under light irradiation. As shown in Figure 3.13, the C3N4-D 

shows the highest photocurrent density under irradiation. The photocurrent density generated 

by C3N4-D reaches 370.3 nA cm-2 on average, which is ~9.8 times as much as the C3N4-M-Air 

(37.9 nA cm-2). The C3N4-M shows the second-largest photocurrents of 92.9 nA cm-2. The 

remarkably enhanced photocurrent density of C3N4-D proves that the moderate Zn doping 

introduced during the ZnCl2-KCl molten salts synthesis can facilitate the electron/hole 

separation and increase the carrier lifetime. The slightly inferior current density of C3N4-M 

and C3N4-C can be explained by the enlarged band gap (Figure 3.9), lower crystallinity and 

nonoptimal Zn doping concentration. (Table 3.3).  

 

Figure 3.13. Transient photocurrent responses for C3N4-C, C3N4-D, C3N4-M and control group C3N4-M-Air. 

 

3.2.7 Charge separation efficiency 

To rationalize the enhanced photocatalytic performance of C3N4-D in comparison with other 

counterparts, the charge carrier separation efficiencies of the prepared samples are 

characterized by the photoluminence (PL) spectroscopy method. As shown in Figure 3.14 (a), 

the steady-state PL spectra of C3N4 synthesized in KCl-ZnCl2 eutectic salts shows the emission 

peaks at ~ 400 nm, which indicates the broader bandgaps of these samples. It is important to 

emphasize that the reduced steady-state PL intensity can be attributed to the larger probability 

of non-radioactive recombination. Therefore, the charge carrier separation efficiency is further 

characterized by the time-resolved PL spectroscopy. By monitoring the peak emission 
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wavelength, the time-resolved PL decays are measured for C3N4-D, C3N4-M and two control 

group samples C3N4-M-Air and C3N4-D-Li. As presented in Figure 3.14 (b), the average 

carrier lifetime of C3N4-D is 1.34 ns, which is significantly longer than the 0.61 ns of C3N4-M, 

0.86 ns of C3N4-M-Air and 0.79 ns of C3N4-D-Li. The longer carrier lifetime of the C3N4-D is 

attributed to the fact that the Zn dopant energy level can trap the charge carriers temporally 

before the recombination. 

 

Figure 3.14. (a) Steady-state and (b) time-resolved photoluminence spectra of C3N4-D, C3N4-M and control 
group sample C3N4-M-Air and C3N4-D-Li. 

 

3.3 Photocatalytic dye-degradation performance  

3.3.1 Comparison between UV-vis and visible light photodegradation  

Before doing a systematic photocatalytic degradation experiment, it is very important to 

determine the appropriate reaction conditions. To find the suitable irradiation condition of 

photocatalytic degradation for prepared samples, different types of light illumination were 

tested on C3N4-C. The precursor of the sample C3N4-C is cyanamide, and the specific synthesis 

process can be found in section 2.2.1. At the first 25 min, the solution with catalysts was kept 

in the dark under the stirring condition to demonstrate the adsorption capabilities of the 

samples. The photocatalytic reaction was conducted for 125 min, and the aliquots 

concentrations were measured every 25 min. The incident light sources are visible light (420 

nm cut-off filter) and simulated solar light range (no filter). The RhB decomposition reached 

14.99% after 125-min visible light irradiation. When the illumination changes to the simulated 

solar light range, the photocatalytic RhB degradation increased to 47.37% under the same 

reaction conditions (as shown in Figure 3.15). This phenomenon agreed well with the wide 
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bandgap of the prepared samples. The bang gap calculated from DRS for C3N4-C, C3N4-D and 

C3N4-M are 3.07 eV, 3.17 eV and 3.15 eV, respectively (Figure 3.8). According to the 

Eq.(1.12), to generate the photoinduced electron-hole pairs in C3N4-C, the wavelength of 

incident light λg should be smaller than 403.8 nm. Therefore, the UV-Vis light is needed to 

drive the dye photodegradation over g- C3N4 synthesized in molten salts. The incident light 

range of simulated sunlight is 190-1100 nm, which can make the sample have obvious 

photocatalytic degradation efficiency. To compare the photocatalytic activities of the prepared 

sample, simulated solar light spectrum provided by a Xenon lamp was used throughout the 

experiments.  

 

Figure 3.15. Photocatalytic RhB degradation performance of C3N4-C under visible light and UV-Vis light 
irradiation 

 

3.3.2 Comparison between MO and RhB photodegradation 

To unravel the surface charge of g-C3N4 synthesized in molten salts, the photodegradation 

performances are compared between MO and RhB over C3N4-C. Since MO is an anionic dye 

and RhB is a non-ionic dye, the surface charge of g-C3N4 will largely affect their 

photodegradation rate. As shown in Figure 3.16 in dark the g-C3N4 shows a stronger MO 

adsorption, whereas the RhB shows negligible adsorption. It proves that the g-

C3N4 synthesized in molten-salts shows positive charge on the surface. The positive charge 

might derive from the preparation process. After polymerization of g-C3N4 in molten salts, the 

HNO3 (5%) aqueous solution was used to wash the powders and remove the residual salts from 

the g-C3N4 surface. Although the samples were then well-rinsed by DI water, H+ still 

inevitably remains on the surface, resulting in extra positive surface charges. The faster photo-
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degradation of MO to RhB can be partially attributed to the enhanced MO adsorption on the 

surface. 

 

Figure 3.16. Photocatalytic RhB and MO degradation performance of C3N4-C under UV-Vis light irradiation 

 

3.3.3 Photocatalytic dye-degradation performance 

The photocatalytic activities of the C3N4 prepared under different conditions are evaluated via 

the probe reaction MO photocatalytic degradation. After the first 25 min under dark (at time 

0), two control group samples (C3N4-M-Air and C3N4-D-Li) show negligible adsorption ability, 

which can be attributed to their poor SSA (14.9 and 57.5 m2 g-1 respectively). In the case of 

the samples synthesized in KCl-ZnCl2 molten salts, all the samples exhibit the improved 

adsorption ability to MO comparing with C3N4-D-Li and C3N4-M-Air due to the larger SSAs. 

Among them, the C3N4-D exhibits the highest adsorption ability that the MO concentration 

(C) drops to 72.8% of the initial concentration (C0). Although the SSA of the g- C3N4 

synthesized in KCl-ZnCl2 shows the sequence of C3N4-M > C3N4- D > C3N4-C, the sequence 

of MO adsorption capability is C3N4-D > C3N4-M ≈  C3N4-D. Therefore, the optimal 

adsorption performance of C3N4-D is likely to be explained by the balance achieved between 

SSA, polycondensation degree and Zn doping: low poly- condensation degree and higher Zn 

doping concentration increase the MO adsorption ability [28, 70, 71] whereas decrease the 

SSA (as shown in Figure 3.10(a)).  

In the photocatalytic MO degradation under simulated solar light, the C3N4-D also exhibits the 

highest photocatalytic activity. After 125 min of photocatalytic reaction, the C3N4-D degrades 

the MO concentration to the 2.5% of the initial concentration. While C3N4-C, C3N4-M only 
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reduce the MO concentration to 37.7% and 27.7% of the initial concentration, respectively. In 

addition, all the samples synthesized via the KCl-ZnCl2 molten salts method outperform the 

control group samples C3N4-M-Air and C3N4-D-Li, which only reduce the MO concentrations 

to 43.5% and 64.3%, respectively. To further compare the photocatalytic activity of the 

photocatalysts, the kinetic reaction rate constants are calculated based on the pseudo-first 

kinetic model. As shown in Figure 3.17(b), the pseudo-first-order reaction kinetic model can 

be well fitted with the experimental data with the R2. The calculated rate constant k is 

summarized in Table 3.4. It is noted that the reaction rate constant k for the optimal sample 

C3N4-D is 415% and 659% of the control group samples C3N4-M-Air and C3N4-D-Li. The 

significantly enhanced photocatalytic activity of C3N4-D strongly demonstrates the superiority 

of the new C3N4 synthesis method in KCl-ZnCl2 molten salts towards the conventional thermal 

polymerization method in static air or LiCl-KCl molten salts. 

 

Figure 3.17. (a) Photocatalytic MO degradation performance and (b) pseudo-first-order kinetic plot of C3N4-C, 
C3N4-D, C3N4-M and control group sample C3N4-D-Li under UV-Vis light irradiation.  

Table 3.4. Fitting results of the reaction rate constants based on the pseudo-first-order kinetic model 

Photocatalyst Rate constant k (min-1) (10−3) R2 

C3N4-M-Air 5.4 0.9621 

C3N4-C 5.2 0.9986 

C3N4-D 22.4 0.9824 

C3N4-M 7.1 0.9923 

C3N4-D-Li 3.4 0.9941 

 



Chapter 3 

117 
 

3.3.4 Cyclic performance tests 

The stability of the prepared catalysts is an important criterion for performance evaluation. 

The optimal C3N4-D catalyst was chosen to perform the recycling experiments. The fresh 

C3N4-D was firstly conducted a photocatalytic MO degradation and recycled from the solution 

via centrifuging. After rinsing with DI-water for several times and drying under vacuum, the 

recycled C3N4-D was used to conduct another photocatalytic MO degradation experimental 

following the same procedure. The photocatalytic MO degradation performances of the 3 

recycling experiments are presented in Figure 3.18. It can be seen that the C3N4-D shows no 

apparent deactivation after 3 successive photocatalytic degradations. The results indicate that 

the C3N4-D synthesized via the molten salt method exhibit good stability in working conditions. 

 

Figure 3.18. Photocatalytic degradation of MO performances for recycled C3N4-D under UV-Vis light irradiation 

 

3.3.5 Mechanism underpins the enhanced photocatalytic activity  

The enhanced photocatalytic activities of the samples synthesized in KCl-ZnCl2 eutectic salts 

are reasonably ascribed to the following four reasons: (i) enlarged SSA, (ii) enhanced MO 

adsorption, (iii) optimized VBM position and (vi) reduced electron-hole recombination due to 

Zn doping. Firstly, as shown in Figure 3.10(a), the SSA is remarkably increased under the 

assistance of KCl-ZnCl2 molten salts. The SSA of C3N4-D is 9.3 times of the C3N4-M-Air 

synthesized via the conventional thermal polymerization method and 2.4 times of C3N4-D-Li 

synthesized in conventional KCl-LiCl molten salts. It can be explained by the better dispersion 

of reaction intermediates in KCl-ZnCl2 molten salts due to its lower melting temperature. The 

larger SSA provides more active sites for the photocatalytic degradation reaction and the 
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smaller particle size ensures a short transportation length for photo-excited charge carriers. 

Secondly, the Zn dopants and lower polycondensation degree induce the enhanced MO 

adsorption. As shown in Figure 3.17(a), the C3N4-D shows the highest adsorption to MO, 

whereas its SSA is not the largest. The Zn doping and moderate polycondensation degree are 

believed as the reasons for the promoted MO adsorption capability. Thirdly, C3N4-D shows 

the enhanced photooxidation capability due to the positively shifted VBM (Figure 3.9). Since 

the photocatalytic degradation is the MO oxidization driven by the photo-excited holes, a more 

positive VBM is preferred. Lastly, the appropriate amount of Zn dopant can help to suppress 

the photo-induced charge carrier recombination. It has been reported that a proper amount of 

dopant can suppress the recombination of photo-excited carriers by trapping them inside 

dopant energy states, while over-doped C3N4 exhibits deteriorated recombination due to the 

dopant acting as the recombination centre [72-75]. As characterized by XPS and TGA (Figure 

3.6, Figure 3.12, Table 3.3), the Zn doping is achieved in a moderate concentration in C3N4-

D comparing with C3N4-C and C3N4-M. The appropriate amount of Zn dopant ensures the 

facilitated electron-hole separation in the semiconductor, which is supported by the 

photocurrent response experiments (Figure 3.13) and time-resolved PL experiments (Figure 

3.14 (b)). It also rationalizes the result that C3N4-D shows superior photocatalytic activity to 

the C3N4-M, though the SSA and oxidation potential of C3N4-D is inferior to C3N4-M. 

It is important to emphasize that the four advantages need to be balanced to achieve an optimal 

photocatalytic MO degradation performance. The low polycondensation degree of g-C3N4 

benefits the MO adsorption capability and Zn doping suppresses electron-hole recombination. 

However, the over-doped Zn decreases the SSA, photooxidation capability and enhances 

recombination; the too low polycondensation degree is detrimental for charge carrier 

transportation and light absorption. Therefore, it rationalizes the existence of a temperature 

window in the g-C3N4 polycondensation process for the successful optimization of g-C3N4 via 

molten salts method. 

 

3.4 Conclusion  

In this chapter, C3N4 has been prepared via a novel method by conducting the thermal 

polycondensation of organic precursors in KCl-ZnCl2 molten salts with low eutectic 

temperature. The effects of matching the condensation degrees of different precursors and 

KCl-ZnCl2 eutectic temperature on the structure and photocatalytic activities of prepared C3N4 
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samples have been investigated with the carefully designed control groups. The experimental 

results suggest that locating the melting temperature of salt mixture within the temperature 

window between dicyandiamide and melamine formation steps in the polycondensation 

process is critical to the photocatalytic activity enhancement. Attributed to the low eutectic 

temperature of KCl-ZnCl2 (230 oC), the precursors can be better dispersed in the molten salts 

before converting to the larger melem molecules during the polycondensation process. The 

high SSA of 111.0, 138.6 and 171.6 m2 g-1 have been achieved for the prepared C3N4 using 

cyanamide, dicyandiamide and melamine precursors, which are at least ~7.4 times as large as 

that of the C3N4 synthesized via the conventional procedure.  

The samples synthesized in eutectic KCl-ZnCl2 using dicyandiamide and melamine precursors 

(C3N4-D and C3N4-M) exhibit the optimized electronic structure for photocatalytic dye 

degradation. The VBM positions of those two samples shift to a positive direction, which 

ensures them an enhanced oxidation capability. In addition, the lower eutectic temperature of 

KCl-ZnCl2 ensures the polycondensation step of converting the dicyandiamide oligomers to 

melamine species occurring in the liquid phase. It directly results in the Zn interstitial doping 

inside the C3N4 crystals. The C3N4-D shows a moderate Zn doping concentration, which helps 

to suppress the electron-hole recombination and contributes to the facilitated photocatalytic 

activity. This new C3N4 synthesis method of KCl-ZnCl2 molten-salt and the effects of 

matching between eutectic temperature and polycondensation process on the photocatalytic 

activity of C3N4 catalysts could inspire future researches on the development of C3N4 as high-

performance photocatalytic activity in many research fields.  
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Chapter 4  Improve Photocatalytic 

Performance of g-C3N4 Through Balancing the 

Interstitial and Substitutional Chlorine Doping  
This work has been published in the Applied Surface Science. It is written by the first author, 

who is also the author of the present thesis. The introduction and the conclusion part are 

reproduced from original paper with some modifications. Full published version is in the 

appendix. 

 

 

 

4.1 Introduction  

As an organic semiconductor, graphitic C3N4 is deemed as a promising candidate for 

photocatalysis. Constituted mainly by carbon and nitrogen elements, it is low-cost, non-toxic, 

free of transition metal elements and exhibits reasonably good photocatalytic activity. After 

proven capable of driving water splitting reaction to produce H2 [1, 2], there has been a surge 

of interest in modifying C3N4 to further improve its photocatalytic performance [3-5]. The 

main shortcomings of C3N4 are its limited specific surface area (SSA), non-optimized 

electronic structure and high photon-excited electron-hole recombination rate [3, 6, 7]. The 

development of new strategies to address the shortcomings of C3N4 to further improve its 

photocatalytic activity remains a challenging task. 

The strategies to optimize the property of C3N4 itself can be classified into two main categories: 

doping with heteroatoms and vacancy introduction [8-10]. Whereas vacancy introduction is 

limited to C or N only, heteroatoms doping is more versatile due to the wide variety of dopants. 

Heteroatom doping has been reported to improve the photocatalytic performance of C3N4 

through different mechanisms: (i) trapping photo-excited electrons or holes and retarding the 
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recombination [10, 11]; (ii) optimising the electronic structure by shifting the edge of valence 

band or conduction band [9, 12]; (iii) facilitating the interlayer electron/hole transfer [13]; and 

(iv) enhancing target reactant adsorption [9, 14]. Among all the potential dopants, the Cl atom 

is one of the most promising candidates due to its unique features. Cl not only enhances the 

photocatalytic performance of C3N4 on its own [15, 16], and as a common anion, Cl can also 

be introduced into C3N4 along with doping other ions [17-20]. Another important feature of Cl 

as a dopant is that Cl can potentially act as both interstitial and substitutional dopants. However, 

there is no definite synthesis method that would enable the control of doping sites for Cl. In 

addition, the roles of Cl at different doping sites in modifying the electronic structure of C3N4 

and the corresponding influences on the photocatalytic performance remain unknown. 

To optimize the property of pristine C3N4 for a better photocatalytic activity, one of the most 

fundamental aspects is to develop a new preparation method. Moreover, the clear 

understanding of the relationship between preparation parameters and property of the 

synthesized material is critical. As the most conventional preparation method for C3N4, 

thermal polymerization in a static atmosphere has been intensively investigated. Compared 

with thermal polymerization, the solvothermal method presents unique advantages such as low 

temperature, controllable morphology, high homogeneity etc. Although the solvothermal 

synthesis of C3N4 is still not fully understood as it has not been thoroughly studied yet, 

synthesis methods using dicyandiamide/melamine and cyanuric chloride in acetonitrile have 

been reported in the literature [21-24]. However, these solvothermal methods to synthesize 

C3N4 were all performed in static conditions. The static solvothermal synthesis usually results 

in C3N4 with low SSA, which significantly hinders its photocatalytic performance. For 

instance, Hu et al.[25] reported the solvothermal synthesis of C3N4 using cyanuric chloride 

and sodium azide. Their reported SSA value of 4.4 m2 g-1 highlights no obvious advantage 

compared with C3N4 synthesized via conventional thermal polycondensation method. A SSA 

value of 34 m2 g-1 was reported by Wang et al. [26] using melamine and cyanuric chloride, 
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while Cui et al. [27] synthesized C3N4 hollow microspheres with a SSA value of 20 m2 g-1 via 

the solvothermal method with cyanuric chloride and dicyandiamide. Moreover, in all these 

studies though, the role of Cl dopants in C3N4 introduced via cyanuric chloride is either 

neglected [24-26, 28] or largely unexplored [27, 29]. This also implies that the correlation 

between Cl doping and the solvothermal synthesis condition remains unknown, illustrating the 

need to understand how Cl dopants may influence the photocatalytic activity of C3N4. 

Herein, the photocatalytic performance of Cl doped C3N4 is successfully improved through 

controlling Cl dopant sites and the atomic ratio of interstitial over substitutional Cl dopants 

via the combined effect of dopant dose and agitation during solvothermal synthesis. The 

effects of agitation rate on the morphology, SSA, Cl doping concentration and their relations 

with the photocatalytic activity are investigated in detail. The results indicate that both the 

molecular and electronic structure of the prepared C3N4 are determined by Cl dopant sites, and 

the doping sites of Cl dopants are strongly controlled by the agitation rate. The effect of 

agitation on the electronic structure takes a U-type correlation. The effects of different Cl 

doping sites on the morphology, electronic structure, photocatalytic activity are also discussed 

in detail. Under moderate agitation, the SSA of prepared Cl doped C3N4 reaches 82.7 m2 g-1, 

which is ~6.67 times of the C3N4 prepared via the conventional thermal polymerization method. 

4.2 Results and discussion 

4.2.1 Molecular structure analysis 

As indicated by the potential C3N4 synthesis mechanisms via the solvothermal method 

displayed in Figure 4.1, two precursors, cyanuric chloride and dicyandiamide, can be used for 

the synthesis of C3N4. Similar to the conventional C3N4 preparation method (i.e. thermal 

polycondensation), the solvothermal method follows a similar polycondensation process from 

smaller oligomers to larger ones. The possible reaction intermediates include melamine, 

melem, melon and their corresponding oligomers with Cl dopants. The resulting C3N4 crystal 



Chapter 4 

128 
 

is based on the stacking of melon layers with infinite size in theory (in practice, melon layers 

have a certain size due to a limited crystallization degree). 

 

Figure 4.1. Scheme of C3N4 synthesis via solvothermal reaction with the feedstocks of cyanuric chloride and 
dicyandiamide. 

The crystal phases of different C3N4 samples were first characterized by XRD (Figure 4.2(a)). 

The results indicate that the crystallization degree of C3N4 is remarkably affected by the 

agitation during the solvothermal preparation. The 0-C3N4 synthesized under static solution 

without agitation exhibits the typical XRD pattern of g-C3N4. The main peak at 27.3 o refers to 

the (002) facts of the crystal [30]. It represents the stacking of the layers of repeating melem 

units via the van der Waals force. The broad peak at ~ 23 o can be attributed to the less 

crystallized C3N4 structure. The crystallization degree first drops when agitation is 

implemented during the synthesis, then increasing with the agitation rate. An increased 

crystallization was achieved for the 1100-C3N4 synthesized under the agitation rate of 1100 

rpm. The molecular structure of C3N4 prepared via the solvothermal method was further 

characterized by FTIR spectroscopy. As shown in Figure 4.2(b), all the samples prepared via 
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the solvothermal method exhibited the typical FTIR spectra of graphitic C3N4. All spectra 

include the peaks at 812 cm-1, which is characteristic of the existence of NH/NH2 groups [31, 

32]. The strong adsorption band from 1269 to 1622 cm-1 are the typical vibration modes of C-

N heterocycles of heptazine units [21, 32, 33] . Moreover, the absence of -CH bands at ~3000 

cm-1 and -CN bands at ~2200 cm-1 appears to rule out the possibility of direct involvement of 

acetonitrile in the C3N4 synthesis [22]. 

 

Figure 4.2. The XRD patterns (a) and FTIR spectra (b) of the C3N4 prepared under different agitation conditions. 

Organic elemental analysis is a more accurate way to quantitatively determine the chemical 

composition of the samples prepared under different agitation rates. The results are 

summarized in Table 4.1. As illustrated in Figure 4.1, the synthesis of C3N4 can be described 

as the polycondensation process. Theoretically, the fully crystallized or polycondensed C3N4 

possess the atomic C/N, H/N ratios of 0.75 and 0, respectively. Before reaching the full 

polycondensation, the key intermediates or oligomers are the melamine (C3H6N6), melem 

(C6H6N10) and melon (C18N27H6). The corresponding atomic C/N ratios are 0.5, 0.6, 0.67 and 

H/N are 1, 0.6, 0.22, respectively. This result indicates that the higher C/N and lower H/N 

ratios correspond to a higher condensation degree. More importantly, the substitution of N 

atoms by Cl dopants can significantly increase the C/N atomic ratio, even surpassing the 

theoretical 0.75 in C3N4. As summarized in Table 4.1, the control group sample C3N4-M-Air, 

synthesized via the conventional polycondensation of melamine at 500 oC, comprises N, C, H 

with weight ratios of 57.61wt%, 34.10wt% and 1.65wt%, respectively. The C/N atomic ratio 

is 0.691, which is between the melon and fully polycondensed C3N4, close to the reported 

values in the literature [34, 35]. Additionally, the low H weight percentage (1.65wt%) and H/N 

atomic ratio (0.401) indicate a relatively high crystallization degree of the C3N4 prepared via 

this method. Significantly different from the C3N4-M-Air, the C3N4 synthesized via the 

solvothermal method shows the remarkably different chemical compositions and 
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polycondensation degree. Moreover, the chemical composition and polycondensation are 

agitation rate-dependent. Different from C3N4-M-Air, all the samples synthesized at agitation 

condition exhibit the H/N atomic ratios higher than 1.0, which suggests the low 

polycondensation degree. The low crystallization degrees are also proven by the XRD 

characterization (Figure 4.2 (a)). In the case of C/N atomic ratio, for the C3N4 synthesized 

under agitation condition with stirring rate of 0, 60, 400, 750 and 1000 rpm, the C/N atomic 

ratios reached 0.772, 0.845, 0.832, 0.818 and 0.760, respectively. The C/N atomic ratio firstly 

rises with the agitation rate when the agitation rate is relatively low. Then C/N atomic ratio 

falls back when the agitation rate further increases to 1100 rpm due to the enhanced 

crystallisation degree. It is important to point out that the C/N atomic ratios are even higher 

than the theoretical 0.75 of the fully condensed C3N4. This strongly suggests the Cl dopants 

substitute the N atoms in the molecular structure of C3N4, which is further confirmed via the 

XPS analyses (Figure 4.4). The much higher crystallization/polycondensation degree of 

C3N4-M-Air than the solvothermally synthesized C3N4 can be explained by their different 

preparation temperature. The C3N4-M-Air was prepared at 500 °C; by contrast, the Cl doped 

g-C3N4 was prepared at 180 °C. 

Table 4.1. Chemical compositions of C3N4 prepared at different agitation conditions determined by organic 
elemental analyses. 

sample N (wt%) C (wt%) H (wt%) C/N (atomic ratio) H/N (atomic ratio) 

0-C3N4 47.74 31.60 2.95 0.772 1.120 

60-C3N4 45.59 33.02 2.88 0.845 1.048 

400-C3N4 45.64 32.53 2.79 0.832 1.029 

750-C3N4 46.42 32.53 2.81 0.818 1.037 

1100-C3N4 47.65 31.05 3.04 0.760 1.174 

C3N4-M-Air 57.61 34.10 1.65 0.691 0.401 

The molecular structures of Cl doped C3N4 prepared via solvothermal method can be 

determined via XPS analyses. As shown in Figure 4.3(a), the C 1s XPS spectra of Cl doped 

C3N4 synthesized via the solvothermal method are deconvoluted into 3 peaks, which is in 

agreement with the control group sample C3N4-M-Air. The peak positioned at the binding 

energy of 284.6 eV is assigned to the adventitious carbon. It is used to calibrate all the XPS 

spectra for surface charge compensation. The other two peaks with the binding energy of 286.4 

and 288.2 eV can be attributed to the C-NHx and dicoordinated C (N-C=N) in the melem unit, 

respectively [13, 22]. The N 1s spectra of all the samples are presented in Figure 4.3(b). The 

peaks centred at 398.7, 399.9 and 400.8 eV are assigned to the sp2-hybridized N (C=N-C), sp3-

hybrideized N (N-(C)3) and NHx functional group, respectively [30, 36, 37]. The C 1s and N 
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1s spectra of the samples prepared via solvothermal method shows consistency with C3N4-M-

Air. It proves that the C3N4 synthesized via solvothermal method still follow the graphitic C3N4 

molecular structure.  

 
Figure 4.3. The XPS (a) C 1s and (b) N 1s spectra of C3N4 prepared via solvothermal method with agitation rates 
of 0, 60, 100, 400, 750 and 1100 rpm respectively. The corresponding spectra of control group sample C3N4-M-Air 
are also presented. 

In Cl doped C3N4, there are two possible sites for Cl doping in C3N4: substitutional and 

interstitial sites (Clsub and Clint), as schemed in Figure 4.1. Since the Cl possesses the moderate 

electronegativity and atom radius, the possibilities of doping at these two sites are very similar. 

As being pointed out via the DFT calculation, the formation energy for substitutional 

(dicoordinated N) and interstitial doping are calculated to be 3.60 and 3.52 eV, respectively 

[38]. To distinguish the Clint and Clsub, the Cl 2p spectra are deconvoluted and presented in 

Figure 4.4.  
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Figure 4.4. The XPS Cl 2p spectra of Cl doped C3N4 prepared via solvothermal methods with agitation rates of 0, 
60, 100, 400, 750 and 1100 rpm respectively. The corresponding spectra of control group sample C3N4-M-Air are 
also presented. 

The peak centred at 202.0 and 200.2 eV can be attributed to the 2p1/2 and 2p3/2 peaks of Clsub 

dopants, which are consistent with the reported binding energy of C-Cl bond in the literature 

[16, 39, 40]. And the peaks with the binding energy of 198.2 and 197.2 eV can be assigned to 

the Clint dopants derived from the Cl- ions in the solution. The binding energy matches the 

typical values of NH4Cl [41] and previous work [42] of Cl-doped C3N4. The assignments of 

Clsub and Clint are rationalized by their different origins. The Clsub dopants are brought by the 

cyanuric chloride (schemed in Figure 4.1). While the Clint dopants come from the negatively 

charged Cl- ions due to the formation of NH4Cl during the polycondensation for C3N4 synthesis. 

Therefore, the Clsub should exhibit more positive oxidation state than the Clint, which causes 

the larger binding energy of Clsub than Clint. 
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The effects of agitation on Cl dopants concentration and distribution can be investigated via 

XPS semi-quantitative analyses of Figure 4.4. The atomic and weight percentages of element 

i (Ai% and Wi%) in Cl doped C3N4 can be determined based on the peak area of Si, molecular 

weight mi, relative sensitivity factor RSFi and energy compensation factor ECFi: 

𝐴"% =
𝑆"/(𝑅𝑆𝐹" × 𝐸𝐶𝐹")

∑[𝑆"/(𝑅𝑆𝐹" × 𝐸𝐶𝐹")]
× 100% (4.1) 

𝑊"% =
𝐴" ×𝑚"

∑(𝐴" ×𝑚")
× 100% (4.2) 

The Cl doping concentrations (𝑊[!%) at different agitation conditions are calculated to be 

1.93%, 3.68%, 3.94%, 3.97%, 5.51%, 6.23% for the Cl doped C3N4 synthesized with agitation 

rates of 0, 60, 100, 400, 750, 1100 rpm respectively, as summarized in Figure 4.5. It is noted 

that the total Cl doping concentration increases when the agitation rate rises. It can be 

attributed to the facilitated Cl diffusion derived from agitation during the crystallization of 

C3N4. XPS analyses also provide a semi-quantitative understanding of the atomic ratios of 

substitutional and interstitial Cl dopants. Due to the same RSF and ECF for the Cl dopants at 

different sites, the atomic ratio of substitutional and interstitial Cl dopants (Clint/Clsub) can be 

directly determined by the comparison of corresponding 2p3/2 peak areas. As shown in Figure 

4.5, the calculated atomic Clint/Clsub are 0.48, 0.28, 0.22, 0.35, 0.36 and 0.49 for the C3N4 

synthesized with the agitation rates of 0, 60, 100, 400, 750, 1100 rpm respectively. When no 

agitation is applied, the Clint and Clsub concentration are determined by thermodynamics. It is 

important to emphasize that the Clint/Clsub atomic ratio shows a reducing trend when the 

agitation rate increases from 0 to 100 rpm at first. However, the Clint/Clsub atomic ratio 

increases when the agitation rate further increases from 100 to 1100 rpm. This U-shape curve 

describing the correlation between Clint/Clsub atomic ratio and agitation rate can be explained 

by the different dependence of Clint and Clsub doping concentration on agitation rates. In the 

case of Clint, the intensified agitation facilitates the Clint doping due to the enhanced mass 

transfer. In addition, the shearing force brought by agitation can help the Cl- diffuse into the 

interlayer site of C3N4. The similar phenomenon has been observed in other van der Waals 

crystals such as graphite [43, 44], BN [45], MoS2 [46], etc. Different from Clint, the correlation 

between agitation rate and Clsub is more complicated. Comparing with a static condition, the 

moderate agitation could increase the condensation degree of C3N4 (as suggested by XRD 

patterns Figure 4.2(a)), which means the larger size of the melon unit, the more layers stacking 

and bigger particle size (also confirmed by BET-SSA (Figure 4.6) and SEM analyses (Figure 

4.7)). Since the cyanuric chloride is used as the C, N sources during the polycondensation, it 
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is likely to form Clsub dopant at the beginning of oligomer formation. In low agitation rate 

condition, the Clsub doped oligomers are added to the edge of the melon unit, which causes the 

increase of Clsub concentration. However, at higher agitation rate, the significantly increased 

crystallization degree of C3N4 (Figure 4.2 (a)) reduces the number of on-plane defects such as 

the Clsub. It is consistent with the negative correlation between C/N atomic ratio and agitation 

rate (Table 4.1). In summary, the different agitation dependence of Clint and Clsub is 

responsible for the unique U shape correlation between the atomic ratio of Clint/Clsub dopants 

and agitation rate. 

 

Figure 4.5. Concentration of Cl dopants in the samples synthesized via solvothermal method. And the effects of 
agitation on the atomic ratio of interstitial and substitutional Cl dopants. 

 

4.2.2 The surface morphology and specific surface area 

The SSA of the C3N4 synthesized via the solvothermal method was characterized via the N2 

sorption experiments at 77 K. The corresponding isotherms are presented in Figure 4.6. The 

SSAs calculated based on the Brunauer-Emmett-Teller (BET) theory are listed in the legend. 

All the N2 sorption isotherms exhibit the characteristic hysteresis of non-porous structure. It is 

noted that the BET-SSA shows no correlation with the concentration of Clint or total Cl dopants, 

which can rule out the possibility that Cl- is mainly adsorbed on the surface. The sample 

synthesized at a static solution without agitation, 0-C3N4, has the SSA of 12.4 m2 g-1, which is 

similar to the reported data in the literature [21-23] and control group C3N4-M-Air (14.9 m2 g-

1). It is noted that the BET-SSA shows the agitation rate dependence too. When the agitation 

rate firstly increases to 60 rpm, the SSA of 60-C3N4 is enlarged to 82.7 m2 g-1. However, when 

the agitation rate further increases, the corresponding SSA reduces accordingly.  
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Figure 4.6. The isotherms of the N2 sorption at 77 K for (a) the C3N4 synthesized in the solvothermal method under 
different agitation rates and (b) 0-C3N4 and control group samples C3N4-M-Air. 

The morphologies of the C3N4 prepared via solvothermal method were examined using SEM, 

and the corresponding images are shown in Figure 4.7. The C3N4-M-Air shows the 

morphology of particles as large as several microns (Figure 4.7(a, b)). Though the surface of 

the particle is relatively rough, the large particle size limits the SSA to ~14.9 m2 g-1. As shown 

in Figure 4.7(d, e), the 0-C3N4 synthesized in the static solvothermal condition shows the 

morphology of aggregated spheres in the size of several microns. The micron-scale large 

particle is the reason for the relatively small BET-SSA of 12.4 m2 g-1. When the agitation rate 

increases to 60 rpm, the primary size of 60-C3N4 particles reduce to ~200 nm, which further 

aggregates into sub-micron particles (Figure 4.7(g, h)). The smaller primary particle size of 

60-C3N4 comparing with 0-C3N4 induces a significantly enlarged SSA of 82.7 m2 g-1. Further 

increase of the agitation rate to 400 rpm, the primary particle size starts to increase again, as 

shown by 400-C3N4, 750-C3N4 and 1100-C3N4 (Figure 4.7(j-q)). From the SEM morphology 

analyses, it can be concluded that the changes in the C3N4 particle size are responsible for the 

evolution of SSA at different agitation rates. The EDS spectra were used to unravel the 

elemental information on all the samples. It can be seen that all the samples are mainly 

constituted by the C, N, with O as the minor component. Comparing with the C3N4-M-Air, the 

C3N4 synthesized via the solvothermal method all show the existence of Cl dopants. While it 

is also needed to emphasize that the EDS results here are only qualitative since C, N, O 

elements could not be quantitatively determined by EDS spectra. 

It is noted that the correlation between SSA and agitation rate in this work is different from 

the conventional understanding that a more vigorous agitation leads to smaller particle size 

and larger SSA [47-50]. However, during the solvothermal synthesis of Cl doped C3N4 under 

agitation, the correlation between agitation rate and particle size is controlled by a combined 

effect of crystallization and Clint induced C3N4 interlayer bonding. When no agitation is applied, 
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the nucleation rate is slow, which results in large primary particle size (0-C3N4). In the case of 

60-C3N4, the agitation in a relatively slow rate can significantly increase the nucleation rate 

[50], which results in the smaller primary particle size. At a more intensive agitation rate, the 

mass transfer is no longer the control factor. Therefore, the larger particle size can be explained 

by the enhanced crystal growth due to the intensified interparticle interaction [51] or 

suppressed homogeneous nucleation [52, 53]. The rise of interstitial Cl doping inducing C3N4 

interlayer bonding is another reason for the enlarged primary C3N4 particle size. When higher 

agitation speed applied, the doping of Cl tends to occur at the interstitial sites, as indicated by 

the XPS analyses (Figure 4.5). The higher concentration of Clint dopants will decrease the 

BET-SSA, because the interstitial dopants can form the chemical bonds between the melon 

layers, which promotes the formation of larger crystal sizes. This mechanism has been proven 

by many previous investigations focusing on the interstitially doped C3N4 [9, 13, 33, 54-56].  
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Figure 4.7. The SEM images and corresponding EDS spectra of (a-c) C3N4-M-Air, (d-f) 0-C3N4, (g-i) 60-C3N4, (j-
l) 400-C3N4, (m-o)750-C3N4, (p-r) 1100-C3N4, 
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4.2.3 The electronic structure analyses  

The bandgap of the samples prepared via solvothermal method was determined via the UV-

Vis DRS spectroscopy method. As shown in Figure 4.8(a), the optical absorbance of all C3N4 

show the typical spectra of the semiconductor. The Tauc plots derived from the UV-Vis DRS 

spectra to determine the bandgap are presented in Figure 4.8(b). It can be seen that the C3N4-

M-Air shows much wider bandgap energy than the samples synthesized via the solvothermal 

method. Additionally, the samples synthesized in solvothermal method with different agitation 

rates exhibit reduced bandgap with similar values. To be specific, the 0-C3N4, 60-C3N4, 100-

C3N4, 400-C3N4, 750-C3N4, 1100-C3N4 samples exhibited bandgap energy values of 1.82, 1.78, 

1.78, 1.77, 1.82 and 1.87 eV, respectively. In addition, the control group sample C3N4-M-Air 

presented a bandgap of 2.65 eV, which is in agreement with previous studies in the literature 

[57, 58]. The correlation between bandgap and agitation rate presented a U-shape curve, as 

displayed in Figure 4.9.  

 
Figure 4.8. (a) UV-Vis DRS spectroscopy and (b) Tauc plots of samples prepared via solvothermal method with 
different agitation rates: 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-C3N4 and control group sample 
C3N4-M-Air 

 

Figure 4.9. The calculated bandgap energy of samples prepared via solvothermal method with different agitation 
rates: 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-C3N4. 
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The valence band maximum (VBM) is another important parameter affecting the 

photocatalytic dye degradation performance because the VBM determines the oxidation 

capability of photon-excited holes. To calculate the VBM, the XPS VB characterization was 

conducted, and results are presented in Figure 4.10. VBM binding energy calculated based on 

the XPS VB spectra are 2.43, 2.91, 3.01, 3.0, 2.82, 2.66 eV for 0-C3N4, 60-C3N4, 100-C3N4, 

400-C3N4, 750-C3N4, 1100-C3N4 respectively. The VBM binding energy needs to be further 

converted to the chemical potential versus standard hydrogen electrode (SHE) potential using 

the following equation [9, 34]: 

VBM(vs.	SHE) = 𝛷 + Ebinding − 4.44 (4.3) 

where the Ebinding represents the VBM binding energy achieved from the XPS VB spectra and 

𝛷 the work function of the XPS spectrometer (3.83 eV). The 4.44 eV is the potential difference 

between the SHE and vacuum. The converted VBM (vs. SHE) are calculated to be 1.82, 2.30, 

2.40, 2.39, 2.21, 2.05 eV for 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-C3N4 

respectively. For comparison, the VBM of C3N4-M-Air is determined to be 1.64 eV. 

Combining the optical bandgap determined from the UV-Vis DRS spectra (Figure 4.8), the 

conduction band minimum (CBM) of the samples can be calculated by adding CBM and 

bandgap together. To illustrate the effects of Cl dopants distribution on the electronic structure 

of C3N4, the band alignment based on the calculated CBM and VBM is plotted as in Figure 

4.11. By comparing the electronic structures of samples presented in Figure 4.11, it can be 

seen that all the samples synthesized via the solvothermal method show the lower VBM than 

the control group C3N4-M-Air. It suggests that the higher oxidation capability of the Cl doped 

C3N4 synthesized via the solvothermal method than the C3N4-M-Air synthesized via 

conventional thermal polycondensation method. More importantly, the agitation rate during 

the solvothermal synthesis shows the significant impacts on the VBM positions.  

The agitation rate dependent VBM, CBM positions and bandgap can be explained by the 

different influences of Clint and Clsub on the electronic structure of Cl-doped C3N4. It is derived 

from the different coordination environment of the Clint and Clsub in the molecule. The Clint 

interacts with all the surrounding N atoms in the melem unit (theoretically 6 N atoms) and the 

Clsub replacing one N atom forms the strong covalent bonds with 2 adjacent C atoms. On one 

hand, the negatively charged Clint as the interstitial dopant will bring extra electrons to the 

C3N4 molecules, which can significantly shift the Fermi energy level (EF) to the negative 

direction in the band diagram (Figure 4.11) [38, 59]. On the other hand, the atomic Mulliken 

electronegativity (𝜒) of C, N and Cl is 8.58, 9.77 and 14.06 eV respectively [60]. The higher 
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electronegativity suggests the Clsub dopants can shift the VBM to positive direction as 

described via the approximation from the electronegativity [61-64]: 

VBM = −�𝜒F*𝜒PD�
- (*&D)⁄

+
1
2
𝐸# + 𝐸A (4.4) 

where 𝐸A is the energy of free electrons on the hydrogen scale (~4.4 eV), 𝐸#  the bandgap 

energy of the semiconductor, 𝜒 is the atomic Mulliken electronegativity in the compound AaBb. 

In summary, the Clint and Clsub shift the CBM/VBM to the opposite direction, and the 

experimentally determined electronic structures are derived from the balance between Clint and 

Clsub influences. As a consequence, the VBM, CBM positions also show the U-shape 

correlation with the agitation rate (shown in Figure 4.11). It is in consistence with the U-shape 

correlation between Clint/Clsub ratio and agitation rate (Figure 4.5).    

 
Figure 4.10. The XPS valence band (VB) spectra of samples prepared via solvothermal method with different 
agitation rates: 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-C3N4. The C3N4-M-Air as control group is 
also presented. 
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Figure 4.11. Band alignment diagram of Cl-doped C3N4 prepared via solvothermal method with different agitation 
rates: 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-C3N4. The C3N4-M-Air synthesized via the 
conventional thermal polycondensation in static air is presented for comparison. 

4.2.4 Photoluminescence (PL) analyses 

Static PL analyses are a method to investigate the efficiency of photo-excited electron/hole 

separation and recombination. As shown in Figure 4.12, the C3N4-M-Air synthesized via 

conventional thermal condensation method shows the significantly strong PL emission spectra, 

which is at least two orders of magnitude larger than the C3N4 synthesized via the solvothermal 

method. It suggests the remarkable photo-excited electron/hole recombination in conventional 

C3N4, as already pointed out in the literature [9, 20, 65, 66]. Different from the C3N4-M-Air, 

the C3N4 synthesized via the solvothermal method exhibits greatly reduced PL intensity due 

to Cl doping. The PL emission intensity decreases in the sequence of 0-C3N4 > 1100-C3N4 > 

750-C3N4 > 60-C3N4, 100-C3N4 > 400-C3N4. From the PL intensity sequence, it could be seen 

that the reduction of PL intensity not only relates to the total amount of Cl dopants but also Cl 

doping sites dependent. As illustrated in Figure 4.5, the total Cl doping concentration 

increases monotonically along with the agitation rate rise, while the highest total Cl doping 

doesn’t guarantee the lowest PL intensity. To unravel more explicitly the roles of Cl at 

different doping sites in the photo-excited electron/hole separation, time-resolved PL 

spectroscopy experiments were conducted on the 4 most important samples: 0-C3N4, 60-C3N4, 

1100-C3N4 and benchmark C3N4-M-Air. As shown in Figure 4.12(b), the average carriers 

lifetime of 0-C3N4, 60-C3N4, 1100-C3N4 and C3N4-M-Air are 0.62, 0.98, 1.08 and 0.92 ns, 

respectively. It is noted that the 1100-C3N4 with the highest concentration of Clint shows the 

longest average lifetime of photo-excited carriers. On the contrary, the 0-C3N4 with lowest 

Clint doping concentration exhibits the shortest average lifetime of photo-excited carriers. 
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These results suggest the Clint dopants mainly contribute to the enhanced charge carrier 

separation by acting as the bridge for inter-layer charge transfer. The reduced steady-state PL 

intensities of solvothermally synthesized samples are attributed to the facilitated non-radiative 

recombination. It is also worth mentioning that the 60-C3N4 still shows long carrier lifetime 

than C3N4-M-Air, which indicates the more efficient suppression of radiative recombination 

of charge carriers. 

 
Figure 4.12. (a) Steady-state photoluminescence (PL) spectra of 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 
1100-C3N4 and C3N4-M-Air as control group under 325 nm UV light excitation. The intensity of C3N4-M-Air PL 
spectrum is multiplied by 0.08 to improve legibility. (b) Time-resolved PL spectra of 0-C3N4, 60-C3N4, 1100-C3N4 
and C3N4-M-Air. 

 

4.2.5 Photocurrent measurement 

Transient photocurrent experiments can elucidate the efficiency of electron/hole generation 

for catalysts under light irradiation. As shown in Figure 4.13, all the C3N4 synthesized via the 

solvothermal method shows significantly larger transient photocurrent density of the control 

group sample C3N4-M-Air, which shows only 34.2 nA cm-2 photocurrent response. The 

significant enhancement of the transient photocurrent density for the C3N4 synthesized via the 

solvothermal method can be mainly explained by the reduced bandgap. The solvothermal 

synthesis can introduce the Cl dopants into the C3N4, which results in the reduction of bandgap 

(Figure 4.8). The smaller bandgap could induce broader adsorption of incident light and 

produce larger photocurrent density. For Cl doped C3N4 synthesized via solvothermal method, 

the transient photocurrent densities under visible light (λ > 420 nm) irradiation for 0-C3N4, 60-

C3N4, 100-C3N4, 400-C3N4, 750 C3N4 and 1100-C3N4 are 72.1, 113.9, 100.2, 96.7 and 94.5 nA 

cm-2 respectively. The 60-C3N4 exhibits the highest transient photocurrent density suggesting 

its more robust photocatalytic activity. It is noticed that the reduced bandgap is not sufficient 

to explain the dependence of transient photocurrent density on agitation rate since the 
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bandgaps are very similar for all these 6 samples (Figure 4.11). The higher photocurrent 

density can only be attributed to the suppressed electron/hole recombination by the Cl dopants 

and enlarged SSA (Figure 4.6 and Figure 4.12). Specifically, the recombination suppression 

is due to the trapping effects of Cl dopant energy level in the electronic structure. The 

photogenerated charge carriers can be temporarily trapped by these dopant energy levels 

before recombination. 

 

Figure 4.13. Transient photocurrent responses of 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-C3N4 
and C3N4-M-Air as control group under visible light (λ > 420 nm) on-off irradiation condition. 

 

4.3 The photocatalytic activity 

4.3.1 Photocatalytic dye-degradation performance 

The photocatalytic activities of the Cl-doped C3N4 samples were characterized via the probe 

reaction, visible-light-driven photocatalytic RhB degradation, to unravel the effects of 
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agitation on photocatalytic activity. The control group sample of C3N4-M-Air prepared via 

conventional thermal polycondensation in static air is also tested in identical condition for 

comparison. Figure 4.14(a) presents the RhB concentration evolution during the 

photocatalytic reaction. At the first 25 min, the solution with catalysts was kept in the dark 

under the stirring condition to demonstrate the adsorption capabilities of the samples. The 60-

C3N4 and 100-C3N4 show good RhB adsorption ability that reduces the RhB concentration (C) 

to 83.9% and 90.5% of the original concentration (C0). The rest samples only reduce less than 

5% of C0. This result is in consistence with the BET-SSA results characterized via the N2 

sorption experiments (Figure 4.6). After 25 min of RhB adsorption in the dark, the catalysts 

were further exposed to the visible light provided by a Xenon lamp with 420 nm cut-off filter. 

After 125 min of photocatalytic reaction, the 0-C3N4 can degrade 82.23% of C0. The best 

photocatalytic activity was obtained by 60-C3N4, with 99.40% of RhB degradation after 

125 min. 100-C3N4, 400-C3N4, 750-C3N4 and 1100-C3N4 degraded the RhB concentration to 

98.45%, 98.98%, 97.36%, 94.38% of the initial concentration, respectively. By comparison, 

the C3N4-M-Air only decompose 16.75% of the RhB after the same 125 min photocatalytic 

degradation. It can be seen that all the samples prepared via the solvothermal method show the 

superior photocatalytic RhB degradation performance than the C3N4-M-Air. It demonstrates 

the advantages of the solvothermal C3N4 preparation method. In addition, the photocatalytic 

activities of Cl-doped C3N4 synthesized via solvothermal method are largely affected by the 

agitation condition. To further compare the photocatalytic RhB degradation performances of 

the Cl doped C3N4 synthesized via solvothermal method, the corresponding kinetic curves are 

plotted in Figure 4.14(b). All the data can appropriately fit with the pseudo-first-order kinetic 

model, which is described by the following equation: 

ln �
𝐶A
𝐶 � = 𝑘𝑡 (4.5) 

where the C and C0 are the initial and current concentration of RhB solution after adsorption 

in the dark, respectively; the k represents the apparent reaction rate constant; the t is the 

reaction time. Based on the linear fitting of the data in Figure 4.14(b), the k is determined to 

be 12.2, 44.4, 35.8, 32.9, 30.6, 22.5 for 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, and 

1100-C3N4, respectively. By comparison, the C3N4-M-Air shows a much smaller k value of 

1.24. The kinetic parameters derived from fitting are summarized in Table 4.2. The 60-C3N4 

exhibits the highest photocatalytic RhB degradation performance. The enhanced 

photocatalytic activity can be attributed to 3 reasons: (i) enlarged SSA (Figure 4.6), (ii) higher 
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oxidation capability brought by the downshifted VBM (Figure 4.11) and (iii) suppressed 

photo-excited electron/hole recombination (Figure 4.12) as discussed in previous sections. 

  

Figure 4.14. (a) The photocatalytic RhB degradation performance under visible light irradiation (λ ≥ 420 nm) and 
(b) the corresponding pseudo-first-order kinetics plot of 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-
C3N4 and control group sample C3N4-M-Air.  

 

Table 4.2. The summary of photocatalytic RhB degradation performance under visible light (λ ≥ 420 nm) 

Photocatalyst Rate constant k (min-1) (10−3) R2 SSA (m2 g-1) 

C3N4-M-Air 1.24  0.9381 14.9 

0-C3N4 12.2 0.9847 12.3 

60-C3N4 44.4 0.9885 82.7 

100-C3N4 35.8 0.9919 64.7 

400-C3N4 32.9 0.9878 43.0 

750-C3N4 30.6 0.9841 37.8 

1100-C3N4 22.5 0.9983 16.3 

 

4.3.2 Cyclic performance tests 

The stability of the prepared catalysts is an important criterion for performance evaluation. 

The optimal 60-C3N4 catalyst was chosen to perform the recycling experiments. The fresh 60-

C3N4 was firstly conducted a photocatalytic RhB degradation and recycled from the solution 

via centrifuging. After rinsing with DI-water for several times and drying under vacuum, the 

recycled 60-C3N4 was used to conduct another photocatalytic RhB degradation experiment 

following the same procedure. The photocatalytic RhB degradation performances of the 3 

recycling experiments are presented in Figure 4.15. It can be seen that the 60-C3N4 shows no 
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apparent deactivation after 3 successive photocatalytic degradations. The RhB can be 

completely photocatalytically degraded within 125 min. The results indicate that the Cl doped 

C3N4 synthesized via the solvothermal method exhibit high stability under working condition 

examined.  

 

Figure 4.15. Photocatalytic degradation of RhB performances for recycled 60-C3N4 under visible light irradiation 
(λ > 420 nm). 

 

4.4 Conclusion 

In this work, Cl doped C3N4 is synthesised for the first time via an agitation-assisted 

solvothermal method and the atomic ratio of Clint/Clsub dopants is controlled by the agitation 

rate. The significantly improved RhB photodegradation performance of Cl doped C3N4 is 

attributed to the larger SSA, stronger photo-oxidation capability and suppressed electron/hole 

recombination. The specific surface area of 60-C3N4 is ~5.55 times larger than the bulk g-C3N4. 

A U-shape relation is found between agitation rate and molecular/electronic structure of 

prepared C3N4. The mechanism underpins this phenomenon is that the Clsub and Clint function 

differently and even oppositely on influencing the molecular/electronic structure of C3N4, 

which determines the photocatalytic activity. To be specific, the Clint dopants between the C3N4 

layers can prolong the lifetime of the charge carriers but result in the smaller SSA and lower 

photo-oxidation capability. By contrast, the in-plane Clsub dopants can enhance the photo-

oxidation capability, while only exhibit insignificant influence on charge separation efficiency. 

The optimal photocatalytic dye-degradation performance can only be achieved by balancing 

the Clint/Clsub ratios and synthesising under a moderate agitation rate. The best photocatalytic 
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performance sample 60-C3N4 shows ~35.8 times higher pseudo-first reaction rate constant in 

RhB photodegradation than the bulk g-C3N4.  
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Chapter 5 C doped TiN nanocrystals 

supported by ultrathin carbon layers with high 

surface area for photocatalytic dye degradation 
 

5.1 Introduction 

Localized surface plasmon resonance (LSPR) phenomenon has recently emerged as an 

attractive approach to take advantage of light energy [1, 2]. The photon energy absorbed by 

the plasmonic materials and further transfer to hot carriers has been proven a promising energy 

conversion route in the areas including enhanced spectroscopy [3], solar cell [4] and 

photocatalysis [5-7]. To date, most of the researches have focused on the application of LSPR 

based on the “coin metals”, especially Ag and Au [8], which largely hinders the large-scale 

practical implementation due to the scarcity and high costs. The development of low-cost 

plasmonic photocatalysts maintaining high activity in promoting energy conversion is the 

main challenge today [9-13].  

Among all the non-noble plasmonic material candidates, TiN shows its unique, attractive 

properties including metallic electronic structure, high thermal stability, low cost, 

sustainability and prominent plasmon quality [13-17]. TiN has been used as the plasmonic 

light absorber in many applications including steam generation [18, 19], alcohol oxidation [20, 

21], water splitting [22-24], H2O2 decomposition [25], CO2 conversion [2] and dye degradation 

[26]. Although showing the potentials as the plasmonic photocatalysts, the TiN also exhibits 

the intrinsic limitation of non-ideal electronic structure and limited surface area, which hinders 

TiN from achieving satisfactory photocatalytic performance. To further promote the 

photocatalytic efficiency of the TiN based photocatalysts, catalysts design is the most effective 

way and can be generally classified into 2 categories [27]: electronic structure modification 

and heterostructure design. The heterojunction design for facilitating carrier separation has 

been intensively investigated with building the heterostructures with TiO2 [23, 24, 28], noble 

metal clusters [20, 22, 29], C3N4 [25], graphene [30] and SrTiO3 [26] etc. Although proven as 

an effective way to enhance the activity of photocatalysts, the optimization of the electronic 

structure of plasmonic photocatalysts especially TiN to improve the hot carrier generation and 

light absorption are rarely investigated in the literature. A few examples are presented as 
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follows. Maeda et al. [31] investigated the O/F doped TiN and proved the enhancement of 

visible-light photocatalytic water splitting performance. Kumar et al. [32] performed 

theoretical calculations on the plasmon quality factor and found the improvement was 

attributed to the optimized electronic structure of TiN with Zr doping. The doping to the 

plasmonic photocatalysts can ensure the tunability of the optical response and hot carrier 

generation property, which is intriguing in plasmonic catalysis [33]. Therefore, further detailed 

investigations on the modification of the electronic structure of plasmonic photocatalysts and 

the effects on photocatalytic activity are of great importance.  

Herein, the C doped TiN/ultrathin carbon layer catalysts have been prepared via a facile one-

pot calcination and proven to be an efficient noble-metal-free plasmonic photocatalyst. By 

revisiting the effects of urea-glass preparation parameters [34] on chemical composition and 

plasmonic photocatalytic performances, the correlation between electronic structure 

modification and plasmonic photocatalytic dye degradation performance has been built up. A 

high specific surface area (SSA) of ~294 m2 g-1 has been achieved at the synthesis temperature 

of 900 oC. The SSA only shows a slight decrease to ~243 m2 g-1 for the sample synthesized at 

1100 oC. The prepared C doped TiN/ultrathin carbon layer catalyst shows improved 

photocatalytic performance in dye degradation. It not only exhibits higher visible-light-driven 

photocatalytic dye degradation performance than the benchmark TiO2 (rutile). Moreover, the 

C doped TiN/ultrathin carbon layer also outperforms the classical heterostructure of C3N4/TiO2. 

The C doping into TiN induced plasmonic photocatalytic activity enhancement has been 

proven from both experimental and theoretical results. The enhanced interband transition and 

corresponding facilitated hot holes generation in the C dope TiN are ascribed to the main 

reasons for the improved plasmonic photocatalytic dye degradation performance.  

5.2 Results and discussion 

5.2.1 Crystal structure analyses 

5.2.1.1 Powder X-ray diffraction analyses 

The crystal structures of the prepared samples under different conditions are firstly analysed 

by XRD. The influences of Ti/urea molar ratios and calcination temperature on crystal phases 

of samples are presented in Figure 5.1 (a) and (b) respectively. In Figure 5.1(a), it can be seen 

that the TiN-0.9-900 and samples with lower urea usage failed to exhibit the pure TiN phase. 

TiN-0.9-900 showed the diffraction patterns mainly attributed to rutile TiO2 phase, which was 



Chapter 5 

154 
 

in a relatively high crystallization degree. The minor phases include TiN, anatase TiO2 and 

Ti7O13, which is the Magnéli phase [35] derived from the reduced rutile. When the urea usage 

increases to 0.9 g, the intensity of the TiN peaks grows significantly in TiN-0.9-900. It 

indicates more TiN is formed during the calcination. Consistently, the rutile peaks nearly 

vanish in this sample. All the rest 3 samples, TiN-1.5-900, TiN-3.0-900 and TiN-4.5-900 

contain diffraction patterns exclusively attributed to TiN (PDF#038-1426). Moreover, the TiN 

peaks show the increase in intensity and decrease in FWHM (full-width-half-maximum), when 

the urea usage grows from 1.5 to 4.5 g. This result suggests a better crystallization degree and 

a larger nanoparticle size are achieved with higher urea usage. As shown in Figure 5.1(b), the 

synthesis temperature plays an important role in TiN phase formation. When calcination 

temperature is lower than 700 oC, the products are mainly constituted by the rutile phase. The 

TiN phase emerges when the calcination temperature reaches 700 oC, while the peaks 

attributed to rutile phases still dominate at this temperature. With the temperature further 

increasing to 900 oC, only TiN diffraction pattern can be observed at this temperature. At 

higher synthesis temperature of 1000 and 1100 oC, the diffraction peaks become narrower and 

show higher intensity. It suggests the higher crystallization degree and larger TiN particles are 

formed. In summary, the XRD patterns of samples prepared at different conditions suggest 

that Ti/urea molar ratios and calcination temperature are two critical parameters determining 

the crystal phases of prepared samples. When either less than 1.5 g urea is used (5:1 urea/Ti 

molar ratio) or synthesis temperature is lower than 900 oC, the products achieved are the 

mixtures of TiN and TiO2 (rutile). Both the higher urea/Ti ratios and calcination temperature 

will improve the formation and the crystallization degree of TiN.  

 

Figure 5.1. The X-ray diffraction patterns of (a) samples prepared at 900 oC with different urea usages (0.3, 0.9, 

1.5, 3, 4.5 g urea) and (b) samples prepared with fixed urea usage of 3 g at varying calcination temperatures from 

500 to 1100 oC. 
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5.2.1.2 X-ray photoelectron spectroscopy analyses 

XPS is a powerful tool to investigate the chemical compositions of the prepared samples and 

the chemical environments of each element in the prepared catalysts. As a semi-quantitative 

analysis, the XPS can provide additional information on the quantity of C doping. Figure 5.2 

and Figure 5.3 present the high-resolution N 1s and Ti 2p XPS profiles of TiN-0.3-900, TiN-

0.9-900, TiN-1.5-900, TiN-3.0-900, TiN-4.5-900, TiN-3.0-500, TiN-3.0-600, TiN-3.0-700, 

TiN-3.0-800, TiN-3.0-900, TiN-3.0-1000, TiN-3.0-1100, respectively. All the spectra have 

been corrected by aligning to the adventitious carbon C 1s peak at 284.6 eV [27]. 

The XPS Ti 2p spectra of samples TiN-0.3-900, TiN-0.9-900, TiN-1.5-900, TiN-3.0-900 and 

TiN-4.5-900 synthesized at 900 oC with different urea usages are presented in Figure 5.2(a). 

All the Ti 2p spectra can be deconvoluted into 4 peaks corresponding to TiO2 (Ia, Ib), TiN (IIa, 

IIb), TiOxNy (IIIa, IIIb), and TiC (IVa, IVb), respectively. The peaks at 458.3 and 464.4 eV 

can be assigned to TiO2 due to surface oxidation [36]. It is in high consistency with the control 

group sample, the commercial rutile powder. The peaks with the binding energy of 456.6 and 

462.8 eV are consistent with the reported values of TiOxNy [37, 38]. The peaks at 455.4 and 

461.2 eV are attributed to the formation of TiN during the synthesis [39-41]. The peaks at 

455.0 and 461.0 eV corresponding to Ti-C bonds are derived from C doping to TiN [42-44]. 

The peak assignments are summarized in Table 5.1. Comparing the Ti 2p spectra of the 

samples synthesized with different urea usages, it can be concluded that the higher urea usage 

promotes the formation of TiN. In addition, when excessive carbon exists, the C can be doped 

into the lattice of TiN. As shown in Figure 5.2(b), the samples synthesized at 900 oC with 

different urea amounts show the N 1s spectra derived from the TiN and N-doped ultrathin 

carbon layer. The major peak at the binding energy of 397.2 eV can be assigned to the Ti-N 

bond [45, 46] and the small peak on the shoulder (396.0 eV) is attributed to the surface 

oxidation N-O-Ti [47, 48]. The rest peaks with relatively small intensity can be assigned to 

the N-doped ultrathin carbon layer layers: pyridinic N (398.4 eV), pyrrolic N (399.8 eV) and 

graphitic N (401.0 and 401.7 eV) [49-53]. Overall, the N1s spectra demonstrate that the Ti-N 

becomes predominant with higher urea usage. 

Figure 5.3(a) presents the XPS Ti 2p spectra of the samples synthesized with fixed 3.0 g urea 

usage at a varying temperature from 500 to 1100 oC. They can be deconvoluted into 4 peaks 

attributing to TiO2, TiOxNy, TiN and Ti-C, respectively. The corresponding binding energies 

are summarized in Table 5.1. The spectra indicate that the sample synthesized at 500 oC 

contains TiO2 only. When calcination temperature is higher than 600 oC, the TiN and TiNxOy 

peaks emerge, and the intensity becomes higher when calcination temperature increases. This 
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result suggests that the higher synthesis temperature facilitates the TiN formation. It is also 

worth mentioning that the peaks ascribed to Ti-C bond emerge when calcination temperature 

is or higher than 900 oC. This result proves that C is doped into the TiN lattice. The N 1s 

spectra shown in Figure 5.3(b) further elucidate the phase evolution of the samples prepared 

at different temperature. In the case of TiN-3.0-500, the N 1s spectra are derived from the 

C3N4. The peaks at 398.7, 399.8 and 400.8 eV are assigned to C=N-C, N-(C)3 and NHx in the 

repeated heptazine units of C3N4 [54, 55]. For the samples synthesized at the temperature 

higher than 600 oC, the corresponding spectra can be deconvoluted into 6 peaks. The Ti-N, Ti-

O-N are derived from TiN and its surface oxidation. While the graphitic N, pyrrolic N, 

pyridinic N are attributed to the N doped ultrathin carbon layer. The TiN-3.0-600 sample 

shows the spectrum corresponding to the mixture of TiN, N doped ultrathin carbon layer and 

C3N4. 

Based on the XPS Ti 2p 3/2 peak deconvolution (Figure 5.2(a) and Figure 5.3(a)), the 

concentration of C dopants can be determined. It is proven that only TiN-3.0-900, TiN-3.0-

1000, TiN-3.0-1100 and TiN-4.5-900 contain C dopants and the corresponding doping 

concentrations are calculated to be 2.44at%, 2.72at%, 3.03at% and 5.49at%, respectively. 

Table 5.1. The XPS Ti 2p spectra assignment and corresponding binding energy 

Peak Component Binding energy(eV) Assignment 

Ti 2p 3/2 Ia 458.3 TiO2 

 IIa 456.6 TiOxNy 

 IIIa 455.4 TiN 

 IVa 455.0 TiC 

Ti 2p 1/2 Ib 464.0 TiO2 

 IIb 462.8 TiOxNy 

 IIIb 461.2 TiN 

 IVb 461.0 TiC 
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Figure 5.2. The XPS (a) Ti 2p and (b) N 1s spectra of samples prepared with varying urea usage form 0.5 g to 4.5 

g at the fixed calcination temperature of 900 oC. The Ti 2p spectra of rutile TiO2 is also included for comparison. 
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Figure 5.3. The XPS (a) Ti 2p and (b) N 1s spectra of samples prepared with fixed urea usage of 3 g at varying 

calcination temperature from 500 to 1100 oC. 

 

5.2.1.3 Thermal analyses 

Thermal analyses combining gravimetric and calorimetric information are supplementary 

tools to unravel the compositions of the prepared samples. Thermal analyse were carried out 

under flowing Air in 100 sccm within the temperature range from 25 to 1000 oC (10 K min-1 

ramping rate) to fully convert samples to rutile TiO2. The TGA/DSC curves of samples 

prepared with different Ti/Urea molar ratios at 900 oC are presented in Figure 5.4(a-e). 

Similarly, the TGA-DSC curves of samples prepared at fixed urea usage of 3.0 g at a 

temperature range from 500 to 1100 oC are presented in Figure 5.4(f-k). The TGA-DSC curves 
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share 2 features in common: (1) TiN oxidation (indicated by an amber dash line) and (2) C 

oxidation (indicated by black dot line). The weight increase starting from ~350 oC and ending 

at ~ 500 oC can be attributed to the TiN oxidation [56]. The weight loss starting from ~480 oC 

can be attributed to the oxidation of residual carbon [57] with an exothermal heat flow peak at 

~ 510 oC. The chemical reaction taking places during the thermal analyses can be written as: 

𝑥TiN + 𝑦TiC + 𝑧C	+	(𝑥 + 𝑧 + 2𝑦)O2 → (𝑥 + 𝑦)TiO. +
𝑥
2N. + (𝑦 + 𝑧)CO2

(5.1) 

The third DSC peak at ~600 oC can be attributed to the oxidation of TiC components (C doped 

TiN) in the structure. It has been reported that TiCxN1-x composite with higher C concentration 

exhibits higher oxidation resistance [58]. In addition, another special case is also observed: in 

TiN-3.0-500 (Figure 5.4(f)), the TGA-DSC curves show the typical feature of C3N4 oxidation 

[27].  

Based on the TGA-DSC analyses results, the chemical compositions of samples prepared at 

different conditions can be summarized as follows. The samples synthesized with inadequate 

urea usage are constituted by the mixtures of TiO2-x and TiN. With excessive urea, the C doped 

TiN is formed along with N-doped ultrathin carbon layer. With calcination temperature is and 

higher than 900 oC, the C doped TiN and N doped ultrathin carbon layer are the main products. 

When synthesis temperature is 500 oC, a mixture of TiO2/C3N4 is formed. Moreover, it is also 

confirmed that the C doping can be enhanced with higher preparation temperature and more 

urea usage, which is in consistency with XPS characterization results (Figure 5.2(a)). Similar 

phenomena have been reported in the literature [59-61]. 
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Figure 5.4. TGA-DSC curves of samples prepared at 900 oC with different urea/Ti molar ratio (a-e): (a) TiN-0.3-

900, (b) TiN-0.9-900, (c) TiN-1.5-900, (d) TiN-3.0-900, (e) TiN-4.5-900. And TGA-DSC curves of samples 

prepared with urea/Ti molar ratio 10 (3.0 g urea) at different temperatures: (f) 500 oC, (g) 600 oC, (h) 700 oC, (i) 

800 oC, (d) 900 oC, (j) 1000 oC, (k) 1100 oC. The positive DSC peak responds to exothermal process. The amber 

dash, black dot and pink dash-dot lines indicate the TiN, C and TiC oxidation process respectively. 
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5.2.2 Morphology characterization 

SEM is used to investigate the effects of Ti/urea ratio and calcination temperature on the 

morphology and chemical compositions of prepared samples. The SEM images of samples 

synthesized with different Ti/urea ratios are presented in Figure 5.5. As shown in Figure 5.5(a, 

b) and (c, d), the samples synthesized with 0.3 and 0.9 g urea are the mixture of TiO2 in size 

of several microns and TiN nanoparticles smaller than 20 nm. When more urea is used, the 

TiO2 crystals disappear, and size of TiN nanocrystals grows (Figure 5.5(e-k)). TEM provides 

more detailed morphology information on the TiN nanocrystals and the carbon support. As 

shown in Figure 5.6, with increasing urea usage, more TiN can be observed. In addition, the 

TiN nanocrystal size increases accordingly from ~ 10 nm to ~ 40 nm. The C doped 

TiN/ultrathin carbon layer, which is free of TiO2, can be clearly observed in TiN-3.0-900 and 

TiN-4.5-900. For the samples synthesized at a different temperature, the TiN-3.0-500 shows a 

typical bulk C3N4 structure with ultrasmall TiO2 particles attached. Moreover, it can be seen 

from the images of TiN-3.0-1000 and TiN-3.0-1100 that the higher calcination temperature 

results in the rise of TiN nanoparticle size comparing with TiN-3.0-900. Based on the TEM 

analyses, the particle size distribution curves are plotted in Figure 5.7(a-e). To be specific, the 

TiN-0.9-900, TiN-1.5-900, TiN-3.0-900, TiN-4.5-900 and TiN-3.0-1100 show the mean TiN 

nanoparticle size of 10.5, 10.5, 16.2, 39.0 and 37.5 nm respectively. This sequence is in 

consistence with the trend suggested by the XRD analyses with Scherrer’s equation (Figure 

5.7(f)). To further confirm the elemental distribution of the C doped TiN/ultrathin carbon layer, 

the HRTEM and STEM-EDS were used to characterize the TiN-3.0-1100. As shown in Figure 

5.8(b), the TiN nanocrystal exhibits the clear lattice fringes with an interplanar distance of 

0.21 nm, which can be assigned to the (200) facet of TiN. The C, N, O, Ti EDS mapping based 

on the STEM image (Figure 5.8(c-h)) prove the homogeneous distribution of C, N, Ti in the 

nanocrystals. The EDS results (Figure 5.8(f)) show the Ti/N atomic ratio is 1.05, which is 

very close to the stoichiometry of TiN. The STEM-EDS analysis results are in consistence 

with the XRD and XPS results.  
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Figure 5.5. SEM images of (a, b) TiN-0.3-900, (c, d) TiN-0.9-900, (e, f) TiN-1.5-900, (g, h) TiN-3.0-900 and (i, 

j) TiN-4.5-900 at low and high magnification. 
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Figure 5.6. TEM images of TiN samples synthesized with different urea usages: (a) TiN-0.3-900, (b) TiN-0.9-900, 

(c) TiN-1.5-900, (d) TiN-3.0-900, (e) TiN-4.5-900. And TEM images of TiN samples synthesized with fixed urea 

usage of 3 g at different temperatures: (f) TiN-3.0-500, (g) TiN-3.0-600, (h) TiN-3.0-700, (i) TiN-3.0-800, (j) TiN-

3.0-1000, (d) TiN-3.0-1100. 
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Figure 5.7. The TiN nanoparticle size distribution curves of (a) TiN-0.9-900, (b) TiN-1.5-900, (c) TiN-3.0-900, 

(d) TiN-4.5-900 and (e) TiN-3.0-1100. The summary (f) of the mean nanoparticle (NP) sizes based on the TEM 

and Scherrer’s equation calculation.  
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Figure 5.8. (a, b) TEM, (c) STEM images and (d, e, g, h) the corresponding EDS C, N, O, Ti elemental mappings 

of TiN-3.0-1100. The EDS spectrum and results are presented in (f). 

 

5.2.3 N2 adsorption/desorption measurements 

The SSA is critical for catalysts since larger SSA ensures more actives sites for reaction. To 

investigate the influences of preparation conditions (Ti/urea ratio and temperature) on the SSA 

and pore structure, N2 adsorption/desorption measurements were conducted at 77 K. The 

achieved isotherms and corresponding pore size distribution curves are presented in Figure 

5.9. As shown in Figure 5.9(a), all the samples synthesized at 900 oC with different urea 

usages except TiN-0.3-900 exhibit the N2 sorption isotherms of type IV(a) [62], which 
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indicates the mesoporous structure. The isotherm of TiN-0.3-900 belongs to type II, which 

indicates the nonporous structure. The SSAs calculated using Brunauer-Emmett-Teller (BET) 

theory are 29.6, 107.5, 172.5, 294.2 and 242.6 m2 g-1 for TiN-0.3-900, TiN-0.9-900, TiN-1.5-

900, TiN-3.0-900 and TiN-4.5-900, respectively. It is noted that the SSA and urea usage shows 

a volcano-shape correlation. The SSA firstly increases monotonically with the rise of urea 

usage and TiN-3.0-900 shows the highest SSA. Then the SSA falls in the case of TiN-4.5-900 

sample. The very small SSA of TiN-0.3-900 (29.6 m2 g-1) is due to large TiO2 crystals with 

the size of several microns (as shown in Figure 5.5).  More urea usage reduces the TiO2 

proportion in the catalysts and promotes the formation of TiN, which results in a larger SSA. 

In TiN-4.5-900, the excessive urea facilitates the growth of TiN nanocrystals and the larger 

TiN nanocrystal is responsible for the SSA decrease (as shown in TEM images in Figure 5.6 

and Figure 5.7). It is worth emphasizing that the residual carbon (ultrathin carbon layers) does 

not determine the SSA. TiN-4.5-900 using 4.5 g urea exhibits the SSA of 242.6 m2
 g-1 while 

TiN-3.0-900 using 3.0 g urea shows the SSA of 294.2 m2 g-1. This significant SSA difference 

strongly supports the irrelevance between residual carbon and SSA, which is rationalized by 

its relatively low amount. The pore-size distribution curves in Figure 5.9(b) further confirms 

the mesoporous structure of the synthesized catalysts with different urea usages. TiN-0.3-900 

shows nearly no peak within the diameter range from 2 to 30 nm, which is in consistence with 

the hysteresis shape of its N2 sorption isotherm. With higher contents of TiN, the samples 

exhibit a more prominent preferred pore size of ~ 4 nm. The mesopores are derived from the 

stacking of TiN nanocrystals.  

The N2 sorption isotherm of samples prepared at different temperature with fixed urea usage 

and the corresponding pore size distribution curves are presented in Figure 5.9(c, d). The TiN-

3.0-500 shows the smallest BET-SSA of 59.3 m2 g-1, which is similar to the typical value of 

TiO2/C3N4 in the literature [63-65]. With the synthesis temperature rising, the BET-SSA shows 

the increasing trend from 166.5 m2 g-1 (TiN-3.0-600) to 294.2 m2 g-1 (TiN-3.0-900). Further 

increasing the synthesis temperature causes the decrease of the BET-SSA to 243.4 m-2 g-1 for 

TiN-3.0-1100. It is attributed to the growth of the TiN nanoparticle size, as shown in Figure 

5.7(f). The pore size distribution curves (Figure 5.9(d)) provide additional information for the 

microstructure. The TiN-3.0-500 shows no preferred pore size due to its non-porous structure 

in agreement with the N2 sorption isotherm hysteresis shape. With the formation of TiN in 

higher synthesis temperature, the pore size distribution curves show the dominated peaks at 

~4 nm. It is due to the stack of the TiN nanoparticles, which is also found in Figure 5.9(b).  
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Figure 5.9. (a) N2 sorption isotherms at 77 K and (b) pore size distribution curves of samples prepared with different 

urea amounts at 900 oC. (c) N2 sorption isotherms at 77 K and (d) pore size distribution curves of samples (3 g urea) 

calcinated at different temperature. 

 

5.2.4 Electronic structure analyses 

5.2.4.1 UV-Vis-NIR diffuse reflectance spectroscopy (DRS) analyses 

The UV-Vis DRS present the optical responses of prepared catalysts to incident light. As 

shown in Figure 5.10(a), the samples prepared with different urea amounts show two different 

kinds of spectra. All the samples except the TiN-0.3-900 show the broad absorption from 220-

1000 nm, proving them as good light absorber for full UV-Vis-NIR spectrum. The exception, 

TiN-0.3-900, shows a typical reflectance spectrum of semiconductor: a strong absorption of 

UV light and low visible light absorption. It is because the TiN-0.3-900 is mainly constituted 

by reduced TiO2 with TiN and residual carbon in small portions. The UV-Vis-NIR DR spectra 

are in agreement with the chemical composition analyses discussed in the earlier sections 

(Figure 5.1 and Figure 5.2). A similar phenomenon has been observed in Figure 5.10(b). The 
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TiN-3.0-500 exhibits the semiconductor-like response to light. The TiN-3.0-500 shows the 

strong UV absorption band tailing to the visible range, which is in consistence with the 

reported C3N4/TiO2 light absorption behaviour [27, 66]. The rest of the samples in Figure 

5.10(b) exhibit similar broad-band absorption for full UV-Vis-NIR spectra. 

 

Figure 5.10. The UV-Vis-NIR DRS presented in reflectance of (a) samples prepared at 900 oC with different urea 

usages (0.3, 0.9, 1.5, 3, 4.5 g urea) and (b) samples prepared with fixed urea usage of 3 g at varying calcination 

temperature from 500 to 1100 oC. 

 

5.2.4.2 Electronic structure calculation 

It is important to know how exactly the C doping changes the electronic structure of TiN. 

Because the energy distribution of plasmon excited hot carriers is mainly determined by the 

electronic structure [67]. First-principle calculation using DFT method has been generally 

adopted to describe the electronic structures of both the intrinsic and doped materials. The 

primitive cell of most stable TiC and TiN crystals used in the theoretical calculations are 

schemed in Figure 5.11. To represent the C doped TiN crystal structure, a 2 × 2 × 2 supercell 

of TiN was built up with one N atom being replaced by C. The calculated lattice parameters 

for TiC and TiN are 3.036 and 2.973 Å, which are very close to the experimental values of 

3.051 and 2.995 Å respectively. The difference is smaller than 0.7%. The C doped TiN remains 

the same cubic crystal structure (no distortion) with an increased lattice parameter of 5.962 Å 

(2 × 2 × 2 supercells). The slight increase in lattice parameter induced by C doping is in 

consistence with the peak shift to lower angle in XRD analyses (Figure 5.1). The calculated 

electronic structure of TiC, TiN and C doped TiN are shown in Figure 5.12(a-c). It can be 

clearly seen that the half-filled Ti d band dominates the upper band near the Fermi energy (EF), 

which indicates the metallic property of all 3 structures. The non-metal elements contribute to 
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the bands lower than EF dominates from a different energy level. By comparing the electronic 

structures of TiC with TiN (Figure 5.12(a, b)), it can be seen that the C sp bands show the 

similar contribution with Ti d band in the lower energy bands close to the EF in TiC. Different 

from the TiC, the N sp bands in TiN don’t show significant contribution to the bands lower 

than EF until ~ -3 eV vs EF. Therefore, the TiN exhibits a much lower probability of interband 

transition for hot carrier generation [17]. Similarly, the C doping introduces extra C sp bands 

in the occupied bands of TiN at - 2.5 eV to -3.5 eV below EF (Figure 5.12(c)). The extra C sp 

band in C doped TiN can effectively increase the probability of interband excitation. Moreover, 

the interband excitation can generate hotter holes (possessing higher oxidation capability) than 

the intraband excitation due to the lower position of N/C sp bands [68, 69]. The excited holes 

are the radicals responsible for dye degradation. Additionally, due to the relatively large TiN 

nanocrystal in the prepared catalysts (~16 nm for TiN-3.0-900 and ~37 nm for TiN-3.0-1100, 

in Figure 5.6 and Figure 5.7), the Landau damping effects are less significant than in the 

smaller nanoparticles (< 10 nm) [70], which is believed as the main contributor for the carriers’ 

momentum conservation in small nanoparticles. Therefore, the interband excitation (C/N sp 

bands → Ti d band) that requires no momentum change becomes more important than the 

intraband transition requiring the momentum change [33, 71]. In summary, the extra C sp band 

in C doped TiN can both facilitate the generation of hot holes and increase the energy of the 

excited holes under visible light irradiation. It is believed as the main reason attributed to the 

enhanced photocatalytic dye degradation performance under visible light irradiation. Whereas 

the photocatalytic activity can be retarded by the over-doping of C too. It is attributed to the 

weak plasmon quality factors of TiC or the rise of defects concentration [13, 17, 32].  

 

Figure 5.11. The scheme of the crystal structure of TiC, TiN and C doped TiN. 
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Figure 5.12. Calculated band structure and projected density of states (PDOS) of (a) TiC, (b) TiN and (c) C doped 

TiN. 

 

5.2.4.3 Photoelectrochemical experiments 

Photocurrent response experiments are conducted to provide direct support for the higher 

electron/hole pair generation efficiency of C doped TiN. As shown in Figure 5.13, all the 

samples exhibit the fast responses to the visible light irradiation during the 5 cycles of light on 

and off. The TiN-3.0-1100, TiN-3.0-900, TiN-4.5-900 and TiN-1.5-900 exhibit the average 

photocurrent densities of 558, 313, 183 and 110 nA cm-2, respectively. Comparing the samples 

synthesized at 900 oC, the TiN-3.0-900 shows the photocurrent density higher than the TiN-

4.5-900 or TiN-1.5-900, which indicates the TiN-3.0-900 can generate more electron-hole 

pairs under visible light irradiation. It proves the concept that the moderate C doping to TiN 

can enhance the hot carrier generation under light irradiation. It is also noted that the TiN-3.0-

1100 shows the highest photocurrent density among all the samples. This phenomenon can be 

explained by the larger TiN nanoparticle in TiN-3.0-1100 than TiN-3.0-900.  

 

Figure 5.13. The transient photocurrent responses of TiN-3.0-1100, TiN-3.0-900, TiN-4.5-900 and TiN-1.5-900.  
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5.3 Catalytic performance evaluation 

5.3.1 Photocatalytic dye-degradation performance 

As a model reaction to evaluate the photocatalytic activity, the photodegradations of RhB were 

conducted on all the samples to compare their photocatalytic activities under visible light 

irradiation (λ > 420 nm). The commercial rutile nanocrystals are used as the control group for 

comparison. Figure 5.14(a, b) exhibits the RhB concentration evolution as a function of 

reaction time. The light irradiation starts from 0 min after 25 min adsorption under dark in 

advance. First of all, it can be seen from Figure 5.14(a) that TiN-3.0-900 shows the highest 

adsorption and photocatalytic RhB degradation performance comparing with other samples 

synthesized at 900 oC. All the prepared catalysts except the TiN-0.3-900 exhibit superior 

performance to the commercial rutile powders. The control group of rutile itself shows very 

weak adsorption and photocatalytic activity under visible light irradiation. The slight 

degradation is attributed to the RhB self-sensitization effects [72, 73]. The TiN-3.0-900 

presents the best RhB degradation performance among the samples synthesized at 900 oC. To 

achieve a more quantitative understanding of photocatalytic degradation rate, the pseudo-first-

order kinetic reaction rate constant k is calculated for comparison. As shown in Figure 5.14(b), 

the degradation performances of all samples show high consistency with the pseudo-first-order 

kinetic model, which can be represented by the following equation:  

− ln �
𝐶
𝐶A
� = 𝑘𝑡 (5.2) 

where the 𝐶 and 𝐶A are the remaining and initial concentration of RhB in the aqueous solution; 

t is the time of reaction; k is the apparent first-order rate constant. The calculated reaction rate 

constants are summarized in Table 5.2. The k values are 0.4, 1.1, 1.4, 3.2, 6.2 and 3.0 for rutile, 

TiN-0.3-900, TiN-0.9-900, TiN-1.5-900, TiN-3.0-900, TiN-4.5-900, respectively. It can be 

seen that the reaction rate constant of TiN-3.0-900 is ~15.5 times of rutile sample, which 

demonstrates the C doped TiN/N-doped ultrathin carbon layer structure possesses a superior 

photocatalytic activity to the benchmark commercial rutile powder. In addition, the poor 

performances of TiN-0.3-900 and TiN-0.9-900 constituted by rutile/TiN suggest neither the 

heterostructure of TiN/TiO2 nor the single-phase TiO2 possesses the satisfied photocatalytic 

performance under visible light irradiation. These results further indicate that the TiN is the 

main contributor to the hot carrier generation and photocatalytic activity. Most importantly, 

the TiN-3.0-900 shows better performance than either TiN-1.5-900 or TiN-4.5-900, which are 
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all constituted by C doped TiN and N doped ultrathin carbon layer. This phenomenon indicates 

a proper amount of C doping to TiN is the key to achieve an optimal photocatalytic activity.  

The performances of samples prepared with fixed 3.0 g urea usage calcinated at varying 

temperatures are shown in Figure 5.14(b, d). It can be seen that all the samples exhibit 

remarkably better adsorption and catalytic performances than the rutile benchmark. The 

calculated rate constants for TiN-3.0-500, TiN-3.0-600, TiN-3.0-700, TiN-3.0-800, TiN-3.0-

900, TiN-3.0-1000, TiN-3.0-1100 are 2.1, 1.5, 2.2, 3.1, 11.5, 13.7 respectively (Table 5.2).  

 

Figure 5.14. Photocatalytic RhB degradation performance under visible light (λ > 420 nm). (a) Time-resolved RhB 

concentration and (c) corresponding first-order kinetic plot of samples prepared at 900 oC with different urea 

amounts (0.3, 0.9, 1.5, 3, 4.5 g urea). (b) Time-resolved RhB concentration and (d) corresponding first-order kinetic 

plot of samples prepared with fixed urea usage of 3g at calcination temperature from 500 to 1100 oC. The 

performance of commercially available rutile nanoparticles is also presented as the control group. 

Noting that the TiN-3.0-500 exhibits superior catalytic activity to TiN-3.0-600, it is attributed 

to the C3N4/TiO2 heterostructure in TiN-3.0-500 is profitable to the photocatalytic activity. 

However, the advantage of the C3N4/TiO2 heterostructure is soon surpassed by the formation 

of TiN plasmonic nanocrystals. It is demonstrated by the fact that all the samples synthesized 

at the temperature higher than 800 oC (constituted by TiN/N doped ultrathin carbon layer) 
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show larger reaction rate constants than TiN-3.0-500. The TiN-3.0-1100 presents the highest 

activity among all the samples, which is due to the larger particle size formed during the 

synthesis (Figure 5.7(f)) and appropriate amount of C doping in TiN. 

It is also noted that the TiN-3.0-1100 possesses a significantly high SSA, which results in a 

strong RhB adsorption capacity. In order to distinguish the adsorption ability and the photo-

degradability, a control experiment was conducted under dark. As shown in Figure 5.15, the 

TiN-3.0-1100 was agitated in the RhB solution under darkness for 150 min and the rest 

conditions were totally the same to the dye-degradation reaction experiments. The results 

indicate that in the first 25 minutes of dark environment, 90% of the dye has been removed. 

This is because the dye molecules are adsorbed on the catalyst surface. In the following 125 

minutes, the RhB concentration of the control experiment in the dark maintains ~10%; on the 

contrary, the group under visible light irradiation exhibits the continuous decrease of RhB 

concentration. This result strongly suggests the RhB reaches saturated adsorption in the dark 

within 25 minutes, and the subsequent concentration decrease is attributed to the 

photocatalytic degradation. 

 

Figure 5.15. Comparison of RhB concentration evolution with TiN-3.0-1100 under darkness and visible light 

(λ > 420 nm) irradiation. 

 

5.3.2 Reaction rate normalized by Ti quantity (TOFTi) 

Since the Ti quantity of the samples used in the performance evaluation experiments are 

different from each other, Ti mole normalized performances [74] are calculated to elucidate 

the intrinsic photocatalytic activities of catalysts in addition to the apparent gravimetric 
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performances (as illustrated in Figure 5.14). Based on the Ti quantity normalized performance, 

it can further demonstrate the origin of the higher photocatalytic performance. The Turnover 

frequency normalized by Ti mole (TOFTi & TONTi) can be calculated using the following 

equations [75]: 

 𝑇𝑂𝐹(𝑇𝑖) = e>#*BC*%>C	V$P
R"(./%

=
0-102
02

R"(./%
= [-1[2

[2×R"(./%
  (5.3) 

 𝑇𝑂𝑁(𝑇𝑖) = [ [-1[2
[2×R"(./%

]1- (5.4) 

where Ci and Ct represent the initial and remaining RhB concentration after t min of reaction; 

𝑇𝑖@(!> is the mole of Ti inside the added photocatalyst. The results of calculated TOFTi are 

summarised in Table 5.2 Firstly, it can be seen that the TOFTi of all prepared samples are 

much higher than the rutile control group. The TiN-3.0-900 exhibits the highest TOFTi among 

the samples prepared at 900 oC with different urea usages. And TiN-3.0-1100 exhibits the 

highest TOFTi among samples with the fixed 3 g urea usage at varying temperature. The TOFTi 

of TiN-3.0-900 and TiN-3.0-1100 of ~11.9 and 17.4 times of the rutile. It is also worth 

emphasizing the superior performance of TiN-3.0-1100 to TiN-3.0-500. The TiN-3.0-1100 

shows the TOFTi of 48.21%, which is ~139% of the TiN-3.0-500. As elucidated in the XRD 

and XPS characterization (Figure 5.1(b) and Figure 5.3(b)), the TiN-3.0-500 is mainly 

constituted by TiO2/C3N4. And this classical heterostructure of C3N4/TiO2 has been reported 

in many researches [63-65, 76-78] showing the excellent photocatalytic activity under visible 

light irradiation. The higher performance of TiN-3.0-1100 than TiN-3.0-500 can be attributed 

to the superior photocatalytic activity of C doped TiN to C3N4/TiO2 heterostructure and the 

signiciantly larger SSA. Moreover, two phenomena cannot be sufficiently explained by the 

SSA effects: (i) the better performance of TiN-3.0-1100 with smaller SSA than TiN-3.0-900 

exhibiting higher SSA; (ii) TiN-3.0-900 shows higher activity than TiN-4.5-900 even the 

TOFTi is further normalized by their SSAs. In these two cases, the C doping effects become 

the dominant factors determining the plasmonic photocatalytic activity [17].  
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Table 5.2. The summary of photocatalytic performances 

Photocatalyst Rate constant k 

(min-1) (10−3) 

R2 TONTi (%) TOFTi (%) SSA (m2 g-1) 

Rutile 0.4 0.8964 346.35 2.77 54.78 

TiN-0.3-900 1.1 0.9690 882.86 7.06 29.65 

TiN-0.9-900 1.4 0.9870 1031.37 8.25 107.55 

TiN-1.5-900 3.2 0.9842 2075.90 16.61 172.54 

TiN-3.0-900 6.2 0.9949 4130.18 33.04 294.23 

TiN-4.5-900 3.0 0.9891 2670.93 21.37 242.65 

TiN-3.0-500 2.1 0.9894 4334.11 34.67 59.32 

TiN-3.0-600 1.5 0.9743 1782.08 14.26 166.50 

TiN-3.0-700 2.2 0.9937 2491.43 19.93 167.70 

TiN-3.0-800 3.1 0.9678 2345.38 18.76 174.08 

TiN-3.0-1000 11.5 0.9605 5571.74 44.57 232.70 

TiN-3.0-1100 13.7 0.9947 6026.54 48.21 243.37 

 

5.3.3 Cyclic performance tests 

The stability of the prepared catalysts is an important criterion for performance evaluation. 

The optimal TiN-3.0-1100 photocatalyst was chosen to perform the recycling experiments. 

The fresh TiN-3.0-1100 has firstly conducted a photocatalytic RhB degradation and recycled 

from the solution via centrifuging. After rinsing with DI-water for five times and drying in a 

vacuum oven at 80 ºC, the recycled TiN-3.0-1100 was used to conduct another photocatalytic 

RhB degradation experimental following the same procedure. The photocatalytic RhB 

degradation performances of four recycling experiments are presented in Figure 5.16. It can 

be seen that the TiN-3.0-1100 shows only slight deactivation after four successive 

photocatalytic degradations. The RhB can be photocatalytically degraded to 6.0% within 125 

min after the third recycling. The results indicate that the TiN-3.0-1100 exhibit high stability 

in the working condition.  
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Figure 5.16. Photocatalytic degradation of RhB performances for recycled TiN-3.0-1100 under visible light 

irradiation (λ > 420 nm). 

 

5.4 Conclusion 

In this work, the preparation of C-doped TiN/ultrathin carbon layer catalysts are systemically 

investigated, and the preparation condition is optimised. The prepared C-doped TiN/ultrathin 

carbon layer has been proven as a highly efficient plasmonic photocatalyst outperforming the 

benchmark rutile TiO2 and C3N4/TiO2 heterostructure catalysts under visible light irradiation. 

The high SSA of ~294 m2 g-1 is reached for the C doped TiN/ultrathin carbon layer synthesized 

at 900 oC. In addition, the ultrathin carbon layer support works perfectly to disperse the TiN 

nanoparticles and the TiN nanoparticle sizes are kept smaller than ~ 40 nm. More importantly, 

this work demonstrates the validity of elemental doping as an effective method to improve the 

performance of plasmonic photocatalysts. The optimised electronic structure via doping C to 

TiN significantly promotes the plasmonic photocatalytic RhB degradation performance. The 

mechanism of activity enhancement is proven that the extra C-sp bands can enhance the 

interband transition and promote the generation of holes with higher energy in C doped TiN 

nanocrystals.  
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Chapter 6 Conclusion 

6.1 Conclusion 

Photocatalysts design and optimization have become one of the hottest topics in the field of 

environmental pollutants degradation. Traditional semiconductor photocatalysts such like 

TiO2 exhibits the disadvantages including the limited utilization of solar light, small specific 

surface area, high photo-excited electron/hole recombination rate and low photocatalytic 

activity. The drawbacks severely hinder the practical implementation of photocatalysis 

technology in industry. To address the challenges mentioned above, this thesis focuses on the 

development of high-performance photocatalysts for dye photodegradation. Taking 

advantages of heteroatom doping strategy, the photocatalytic activities of C3N4 and TiN have 

been significantly improved. Moreover, the detailed mechanisms underpin the performance 

enhancement induced by heteroatom dopants are unravelled. The main conclusions of this 

thesis are summarized as follows. 

(1) C3N4 has been prepared for the first time by conducting the thermal polycondensation of 

organic precursors in KCl-ZnCl2 molten salts with low eutectic temperature. The results 

suggest that the location of the melting temperature of salt mixture within the temperature 

window between dicyandiamide and melamine formation steps in the polycondensation 

process is critical to the successful enhancement of photocatalytic activity. The advantages of 

using KCl-ZnCl2 molten salts can be summarized into three aspects. Firstly, due to the low 

eutectic temperature of KCl-ZnCl2 (230 oC), the precursors are dispersed better in the molten 

salts during the polycondensation process. As a result, the large SSAs of 111.0, 138.6 and 

171.6 m2 g-1 have been achieved for the prepared C3N4 using cyanamide, dicyandiamide and 

melamine precursors, which are at least ~7.4 times as large as the bulk C3N4 synthesized via 

the conventional procedure. Secondly, C3N4 synthesized in KCl-ZnCl2 molten salts shows the 

optimized electronic structure for photocatalytic dye degradation. The VBM is shifted to the 

positive direction, therefore enhancing oxidation capability. Lastly, Zn doping at an 

appropriate concentration suppresses electron-hole recombination, which significantly 

contributes to the higher photocatalytic activity.  
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(2) The controllable Cl-doping concentration and Cl doping sites are used for the first time to 

improve the photocatalytic performance of C3N4 synthesized via agitation-assisted 

solvothermal method. The results indicate that the balance between Clsub and Clint dopants is 

the key to successfully enhance the photocatalytic RhB degradation performance of C3N4 due 

to the significantly improved SSA, stronger photooxidation capability and suppressed 

electron/hole recombination. Additionally, a U-shape relation has been found between 

agitation rate and molecular/electronic structure of prepared C3N4. The mechanism underpins 

this phenomenon is that the agitation rate determines the atomic ratio of Clsub/Clint dopants. 

More importantly, the effects of Clsub and Clint dopants on the photocatalytic activity are 

rationally distinguished based on the experimental results. The Clint dopants between the C3N4 

layers can prolong the lifetime of the charge carriers but cause a decrease of SSA. 

Comparatively, the in-plane Clsub dopants are responsible for the positive shift of VBM and 

the enhancement of oxidation capability. The optimal photocatalytic dye-degradation 

performance can only be achieved by balancing the Clint/Clsub ratios and synthesizing under a 

moderate agitation rate. 

(3) C-doped TiN/graphene has been synthesized via the calcination of TiCl4/urea mixture and 

shows superior photodegradation performance to C3N4/TiO2 heterostructure and commercial 

rutile TiO2 under visible light irradiation. In optimised synthesis condition, the TiN 

nanoparticles, with the size of ~ 40 nm, are well-dispersed on N doped graphene layers. In 

addition, the C has been found doped into TiN nanoparticles when excessive urea is used. The 

rate constant k of photocatalytic degradation of TiN-3.0-900 and TiN-3.0-1100 under visible 

light is 2.95 and 6.52 times of C3N4/TiO2, and 15.5 and 34.25 times of rutile TiO2, respectively. 

The enhanced plasmonic photocatalytic performance can be attributed to the C doping. Based 

on the DFT calculation, the additional C-sp bands in TiN can enhance the interband transition 

of electrons in TiN nanocrystals, which boosts the formation of holes with higher energy.  

Overall, this thesis focuses on the development of the synthesis method to improve the 

photocatalytic performance of the photocatalysts. Using the synthesis methods developed in 

this thesis, photocatalysts with enlarged SSA and higher photocatalytic dye degradation 

performance has been prepared. In addition, heteroatom doping has been used as the main 

strategy to further improve the photocatalytic activity of C3N4. Heteroatom doping with 

appropriate concentration has been successfully introduced during the synthesis and can 

significantly enhance the photocatalytic activity of C3N4. The positive effects of doping are 

summarized as follows: (i) optimising the electronic structure (ii) the dopants can suppress the 

photo-induced charge carrier recombination.  
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6.2 Future Works 

(1) Although the doping has been proven effective in enhancing the photocatalytic dye 

degradation of photocatalysts, the works in the thesis have not conducted molecular-level 

investigations on the doping effects on the electronic structure. In future work, the DFT 

calculation can be used to achieve a more comprehensive understanding of the doping effects 

on the spatial distribution of LUMO and HOMO. Moreover, the detailed mechanism of how 

the dopants help to suppress the photon-induced electron/hole separation can be analysed.   

(2) This thesis focuses on the design and optimisation of the photocatalysts, therefore the dye 

photodegradation is used as the probe reaction to elucidate the photocatalytic activities of 

prepared photocatalysts. The mechanism of degradation including the key active spices in each 

system and the degradation pathway is worth further investigation. In future works, the 

scavengers of holes, ·O2
- and ·OH- can be used as trapping agents to identify the key radicals 

in dye photodegradation. HPLC-MS and TOC analyses can be used to reveal the degradation 

intermediates and final product during the mineralization processes. Notably, the degradation 

target can be extended beyond organic dyes. Other organic pollutants in the liquid phase, such 

like bisphenol A, phenol and toluene are worth being investigated too. 

(3) Due to the high SSA of the prepared catalysts in this thesis, strong dye adsorption can be 

observed before degradation. Both adsorption and degradation have been reported to 

efficiently remove dyes from effluents. Therefore, the dye adsorption process is also worth 

investigations. More adsorption studies can be conducted in future works, including the 

establishment of adsorption models and investigation of adsorption kinetics.  
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A B S T R A C T

The Zn doped g-C3N4 is successfully synthesized in eutectic KCl-ZnCl2 salt mixture with low melting temperature
for the first time. More importantly, the significant improvement in the photocatalytic activity can only be
achieved by locating the melting point of the salt mixture within the temperature window between di-
cyandiamide and melamine oligomer formation steps in the polycondensation process. The prepared g-C3N4

using dicyandiamide as the precursor (C3N4-D) shows ~9.3 times larger specific surface area (SSA), ~9.8 times
larger photocurrent density and ~1.56 times longer photo-excited carrier lifetime than the bulk g-C3N4 syn-
thesized via the conventional thermal polymerization method in air (C3N4-M-Air). In photocatalytic methyl
orange (MO) degradation, the pseudo-first reaction rate constant of C3N4-D is ~4.15 times higher than the C3N4-
M-Air control group. The significantly promoted MO photodegradation performance is attributed to the re-
markably enlarged SSA, enhanced MO adsorption, the positively shifted valence band maximum (VBM) and
suppressed electron-hole recombination due to Zn dopants.

1. Introduction

Graphitic carbon nitride (g-C3N4) as an organic semiconductor
shows potential applications in photocatalytic CO2 reduction [1,2],
water splitting [3,4], pollutants degradation [5,6], etc. It exhibits some
unique advantages including free of transition metal elements, low
toxicity and relatively good photocatalytic performance. Organic dye
such as methyl orange (MO) is an important kind of pollutants in water
resources due to the large-amount usage in dye industry. Therefore, it is
promising to take advantage of g-C3N4 as photocatalysts to remove MO
with the help of solar energy. However, the photocatalytic performance
of pristine g-C3N4 still fails to meet the requirements for practical im-
plementation, due to its low specific surface area (SSA), unoptimized
electronic structure and high electron/hole recombination rate.

The heteroatom doping has been proven as an effective strategy to
improve the photocatalytic activity of g-C3N4. The successful cases in-
clude the atomic doping of alkaline metal (Li, Na, K) [7–11], halogen
(F, Cl, Br, I) [12–16], non-noble transition metal (Zn, Cu, Fe, Co)
[5,16–22], noble transition metal (Ag, Pt, Pd, Ir, Au) [23–27], and other
main group elements (O, S, B, C, N, P) [9,28–34], etc. Among them, Zn
has been investigated and introduced into g-C3N4 interstitial sites via
different methods too [5,17,19,35,36]. However, one of the major
drawbacks of the pristine g-C3N4, the low SSA, has not been improved

after the Zn doping. The typical SSA of g-C3N4 synthesized via the most
popular thermal polycondensation method is only ~10 m2 g−1

[9,17,28]. Although hard [37,38] or soft templates [4,19,39,40] can be
used to increase the SSA of g-C3N4, the application is limited by the
high cost of the templates and highly toxic compounds indispensable
for template removal. Therefore, it is still a challenge to increase the
SSA of g-C3N4 in a facile and effective way. Additionally, no research in
the literature has ever investigated the effects of Zn doping on the
photocatalytic dye degradation.

Synthesis of g-C3N4 in molten salt (ionothermal synthesis) has been
reported as a unique method to produce g-C3N4 with optimized mor-
phology and electronic structure [3]. The melted salts as the media for
the polycondensation of organic precursors can enhance the homo-
geneity and crystallinity of the prepared g-C3N4. g-C3N4 synthesis via
polycondensation of melamine in eutectic KCl-LiCl was reported for the
first time by Bojdys et al. [41]. Because of the enhanced dispersion of
precursors inside the molten salts, the synthesized g-C3N4 exhibited
larger SSA and higher crystallinity. A few more examples are presented
as follows. Gao et al. [42] reported that the g-C3N4 with nanotube
morphology was synthesized in molten NaCl-KCl-LiCl ternary system.
Zhang et al. [43] reported that the condensation of urea inside LiCl-KCl
resulted in the g-C3N4 with reduced interlayer distance and the en-
hanced π-π interaction, which strongly improved the photocatalytic
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activity. In addition, the molten salts have also been used to achieve the
triazine based g-C3N4 and as a post-treatment method to increase the
crystallinity [3,44–46]. Although the molten salts have been proven
versatile in modifying the morphology, molecular and electronic
structure of g-C3N4, the detailed mechanisms how the molten salts in-
fluence the property of g-C3N4 are still ambiguous. Most of the re-
searches only focus on the LiCl-KCl system and leave two essential
questions unexplored: (i) the optimal eutectic temperature of salt
mixture and (ii) the optimal chemical composition of salt mixture for g-
C3N4 synthesis. Because the polycondensation of g-C3N4 is a multiple-
stage process taking places at discrete temperatures, it is essential to
unravel the influences of molten salts at different polycondensation
stages of g-C3N4 synthesis.

To address the challenges and knowledge gaps mentioned above, in
this work, the g-C3N4 is for the first time prepared in low-temperature
KCl-ZnCl2 eutectic salts with cyanamide, dicyandiamide and melamine
as precursors, respectively. During the polycondensation of g-C3N4

synthesis, the organic precursors, cyanamide, dicyandiamide and mel-
amine with increasing polycondensation degrees are the three major
intermediates representing the three main stages. By comparing the
molecular and electronic structures of the prepared g-C3N4 from dif-
ferent precursors, the specific roles of melted salts at the different stages
of g-C3N4 synthesis are unravelled. The optimal g-C3N4 synthesized
from dicyandiamide (C3N4-D) in molten KCl-ZnCl2 shows the sig-
nificantly enlarged SSA, enhanced MO adsorption and increased photo-
oxidation capability. Additionally, a moderate amount of Zn is in-
troduced as the interstitial dopant during the synthesis in KCl-ZnCl2
molten salts and a longer photo-excited carrier lifetime is observed due
to the suppressed electron-hole recombination. The photocatalytic MO
degradation performance has been significantly promoted on C3N4-D
comparing with the g-C3N4 synthesized via the thermal polycondensa-
tion method or in conventionally used LiCl-KCl system.

2. Experimental

2.1. Photocatalysts preparation

To synthesize g-C3N4, 3 g of melamine, 5 g of KCl (1.58 g) and ZnCl2
(3.42 g) mixture were fully ground in an agate mortar, and the as-ob-
tained powder was then transferred to a ceramic crucible (20 mL) and
covered with a ceramic lid. The crucible was then placed into the centre
of a tube furnace. The furnace was firstly vacuumed and then back-
filled with N2 and this process was repeated for 3 times to get rid of O2.
The tube furnace was then heated to 500 °C at a heating ramp of
1 °C min−1 and kept at 500 °C for 2 h under N2 gas flow (100 sccm). The
obtained solid was washed with HNO3 (5%) aqueous solution under
reflux condition. After further rinsing with DI-water for several times
until the pH = 7 and the powder was dried at 80 °C under vacuum
overnight. The as-prepared sample was marked as C3N4-M. The other 2
samples were prepared in a similar way, but using cyanamide or di-
cyandiamide as precursor instead. The samples were denoted as C3N4-C
and C3N4-D, respectively.

The control group g-C3N4 sample was prepared via a conventional
KCl-LiCl molten salt method. A typical eutectic mixture of 2.79 g KCl
and 2.21 g LiCl was used. 3 g of dicyandiamide was fully mixed with the
salts by grinding them in a mortar and treated in the same procedure as
described above. The as-obtained control group sample was marked as
C3N4-D-Li. Another important control group sample is the bulk g-C3N4

prepared by directly calcinating melamine in static air. 10 g of mela-
mine powder was put into an alumina crucible with a cover. The cru-
cible was then placed into the centre of a muffle furnace, then heated to
500 °C at a ramping rate of 10 °C min−1. After soaking at 500 °C for 2 h,
the furnace was cooled down to room temperature naturally. The
yellow product was collected and then ground into fine powder in an
agate mortar. This sample is denoted as C3N4-M-Air. C3N4-M-Air was
synthesized via the most conventionally used method in literature.

Additionally, the semi-closed system during the preparation ensures a
self-determined atmosphere derived from the ammonia effluent during
the polycondensation of melamine. Therefore, it can be rationally used
as a control group and benchmark to evaluate other g-C3N4 photo-
catalysts.

2.2. Photocatalysts characterization

The crystal structures of the prepared photocatalysts were char-
acterized by an X-ray diffractometer (XRD, Brucker Phaser D2) with Cu
Kα X-ray source (λ = 1.5406 Å, 40 kV, 20 mA). The prepared samples
were ground into fine powder, which was packed into a sample holder
for XRD tests. The molecular structure was examined via the vibrational
spectroscopy on a Fourier transform infrared spectrometer (FTIR,
Shimadzu IRTracer-100). The FTIR characterization followed the
standard KBr pellet protocol. ~0.1 mg sample powder was firstly
ground with ~200 mg pre-dried KBr powder in an agate mortar to
achieve a homogeneous mixture. Then the powder was pressed into a
pellet with a hydraulic press with a diameter of 13 mm. The pellet was
placed inside the spectrometer chamber and vertical toward the in-
cident IR beam. The spectra were collected within the range of
600–4000 cm−1 in a resolution of 4 cm−1. Sixty-four scans were
averaged to achieve a good signal to noise ratio. The chemical com-
positions of prepared g-C3N4 samples were analysed with an organic
elemental analyser (Carlo Erba NA2500). The chemical environment of
the elements inside the sample and the valence band XPS spectra were
characterized by an X-ray photoelectron spectrometer (XPS,
ThermoFisher K-Alpha) equipped with a monochromatic Al Kα X-ray
source (1486.6 eV). The optical response of the samples was tested via
ultraviolet–visible diffuse reflectance spectroscopy (UV–Vis DRS) on a
UV–Vis spectrometer (Shimadzu, UV3600Plus). The sample powder
was firstly ground into the fine powder, which was further packed into
the sample holder of a commercially available UV–Vis DRS test acces-
sory (Praying mantis, Harrick Scientific Products, Inc). The background
spectrum was collected using the standard Spectralon reference. The
steady-state and time-resolved photoluminescence (PL) spectra were
conducted on a steady-state spectrofluorometer (Shimadzu RF-6000)
and a time-resolved spectrofluorometer (Edinburgh instruments
FLS980). For static PL spectra measurements, the excitation wavelength
was set to be 325 nm, and emission wavelength range was 350–620 nm.
For time-resolved PL measurements, the excitation wavelength was set
to the same wavelength of 325 nm. The emission wavelength was
chosen as the peak emission wavelength determined by the steady-state
PL experiments. The N2 sorption isotherm was measured at 77 K with
an automatic adsorption analyser (Quantachrome Autosorb-iQ). A
scanning electron microscope (SEM, Carl Zeiss SIGMA HD VP Field
Emission SEM) with X-ray energy dispersive spectrometer (EDS, Oxford
AZtecEnergy) was used to analyse the morphologies of the samples and
chemical compositions of interesting areas. The g-C3N4 powder was
dispersed onto the cooper tape and coated with Au to enhance the
conductivity before characterization. Thermogravimetric analyses
(TGA) and differential scanning calorimetric (DSC) analyses were
conducted on a simultaneous thermal analyser (STA, Mettler Toledo,
TGA-DSC 3+). Typically, ~5 mg of sample was placed into a 70 μL
alumina crucible, and a PTFE rod was used to ensure a dense packing of
the powders. An empty crucible was used as the reference for the DSC
heat flow measurements. The program was set to ramp from room
temperature to 1000 °C with the ramping rate of 10 K min−1. N2 and
synthetic air with the flow rate of 100 sccm were introduced into the
STA furnace to provide inert and air atmosphere, respectively.

The photocurrent measurement was conducted in a two-electrode
configuration with an electrochemical workstation (Metrohm, Autolab
PGSTAT204). 0.1 mol L-1 KCl aqueous solution was used as the elec-
trolyte, and a graphite rod as the counter electrode. No potential bias
was applied during the experiments. A glassy carbon electrode in
1.5 × 1.5 cm2 size was used as the substrate for photocatalysts, and an
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active area of 0.75 cm−2 was defined by covering the rest of the surface
with insulation tape. 2 mg powder was firstly dispersed in 0.2 mL
ethanol, and 10 μL Nafion 5% solution (Sigma-Aldrich) was added into
the mixture. The solution was ultrasonicated for 2 min to achieve a
homogeneous dispersion. Then 100 μL of the solution was drop-wisely
added on the glassy carbon electrode surface and dried naturally at
room temperature. The prepared glassy carbon electrode loaded with
photocatalysts was used as the working electrode, which was further
wired with a crocodile clamp. A Xenon lamp (SLS401, Thorlabs, Inc)
was used to provide the simulated solar light with a built-in optical
shutter.

2.3. Catalytic performance evaluation

The photocatalytic performance of as-prepared samples was eval-
uated by the photocatalytic degradation of MO in aqueous solution. In
each photocatalytic reaction, 12 mg of the photocatalyst was added into
60 mL MO solution with a concentration of 10 mg L−1. The photo-
catalytic degradation of MO was carried out in a jacked Pyrex beaker
with water circulation. A 300 W Xenon lamp (PLS-SXE300,
Beijing Perfectlight technology co.) was used to provide the simulated
solar light from the top to drive the reaction. The light power density
was measured to be 720 ± 10 mW cm−2 via a thermopile light power
meter (PM16-401, Thorlabs, Inc.). This photodegradation reaction
starts with a 10-minute sonication and 25-minute stirring in the dark to
establish an adsorption-desorption equilibrium. The photocatalytic re-
action holds on for 125 min with magnetic stirring (180 rpm). At ir-
radiation time intervals of every 25 min, 3 mL of the mixture was
collected and centrifuged (9000 rpm, 7 min) to separate the photo-
catalyst particles from solution. The concentrations of the MO were
monitored using a UV–vis spectrophotometer (Analytik Jena, SPECORD
PC 250) by measuring the absorbance peak of MO at ~460 nm.

3. Results and discussion

To elucidate the role of molten salts in the g-C3N4 synthesis, it is
important to first clarify the relation between salts mixture melting
temperature and each polycondensation step. The TGA-DSC char-
acterizations were conducted with cyanamide, dicyandiamide and
melamine in flowing N2, respectively. The results are presented in
Fig. 1. As shown in Fig. 1, g-C3N4 synthesis from organic precursors is a
step-wise process with each step taking places at different temperatures.
The details of the peak assignments and discussions are presented in
supporting information and Table S1. It is noted that the melting
temperature of KCl-ZnCl2 locates between the steps of dicyandiamide
and melamine oligomer formations. In contrast, the conventional KCl-
LiCl exhibits the melting temperature between the steps of melamine
melting and melem oligomer formation.

3.1. Molecular structure of g-C3N4 synthesized in KCl-ZnCl2 molten salts

The crystal structure of prepared g-C3N4 has been characterized via
the XRD. As shown in Fig. 2(a), all the samples prepared in KCl-ZnCl2
molten salts exhibit the typical diffraction pattern of g-C3N4 with a
prominent peak located at 27°. This peak is attributed to the (002)
facets derived from the stacking of g-C3N4 layers [28]. Comparing with
the control group samples of C3N4-M-Air and C3N4-D-Li, the samples
prepared in KCl-ZnCl2 molten salts show the lower crystallinity. The
peak corresponding to the (100) facet is only observable in the control
group samples C3N4-M-Air and C3N4-D-Li, whereas this peak is not
observed in the XRD patterns of the g-C3N4 synthesized in molten KCl-
ZnCl2. The absence of (100) peak indicates the less ordered on-plane
heptazine unit repetition ascribed to the doping and structure distor-
tion. The FTIR spectroscopy is used to characterize the molecular
structures of the prepared g-C3N4 samples and the collected spectra are
presented in Fig. 2(b). It can be seen that all the three samples prepared

in molten KCl-ZnCl2 show similar IR absorption bands with C3N4-M-Air.
The peak at 807 cm−1 is assigned to the breathing mode of the triazine
unit. The peaks from 1621 to 1240 cm−1 are attributed to the C-N-C or
C-NH-C vibration in the heptazine heterocyclic structure [28,47,48].
And the peak at 2177 cm−1 is derived from the vibration of -C≡N
group [7,48]. Comparing the FTIR spectra of samples synthesized in
eutectic KCl-ZnCl2 salts with the benchmark C3N4-M-Air, the C3N4-C,
C3N4-D, C3N4-M samples show weaker absorption at the C-N-C het-
erocycle range (1240–1621 cm−1). It suggests the samples synthesized
in eutectic KCl-ZnCl2 salts exhibit a less ordered molecular structure
than the C3N4-M-Air, which is consistent with XRD results (Fig. 2(a)).

XPS is an effective tool to analyse the molecular structure of the
prepared g-C3N4. The samples synthesized in eutectic KCl-ZnCl2 with
different precursors exhibit similar XPS spectra with the control group
samples. As presented in Fig. 3(a), the C 1s spectra can be further de-
convoluted into 3 peaks for all 5 samples. Peaks located at 284.6 eV,
286.4 eV and 288.2 eV are ascribed to the adventitious carbon and C-
NH2, N-C=N bonds in the heptazine unit, respectively [49,50]. There is
an extra C 1s peak at 287.3 eV in the spectrum of C3N4-C, which is
attributed to the C=N or C=O [51–53]. Similarly, the N 1s spectra,
shown in Fig. 3(b), are further deconvoluted into 3 peaks too. The peak
at a binding energy of 398.7 eV is assigned to the sp2-hybridized aro-
matic triazine rings (N2C, C-N=C); peak at 399.9 eV is assigned to the
tertiary nitrogen (N3C) bonding; peak at 400.8 eV is attributed to the
-NHx functional group [2,50]. The similar assignments of C 1s and N 1s
peaks suggest that the samples synthesized in eutectic KCl-ZnCl2 salts
are constituted by on-plane repeating heptazine units. The slightly
different C 1s spectrum of C3N4-C indicates its highly disordered
structure and low crystallinity, which is consistent with XRD and FTIR
analyses (Fig. 2(a, b)). These experimental results suggest that the
precursor with a smaller initial condensation degree results in a more
disordered final g-C3N4 structure during the molten salts synthesis.

To further examine the possible doping during the synthesis in the
molten salts, the Zn 2p, K 2p and Cl 2p spectra are collected and plotted
in Fig. 3(c) and Figure S3(a, b). It can be seen that the Zn dopants are
only found in C3N4-D, C3N4-C samples with significant concentration. In
C3N4-M, the Zn dopant is of trace amount. The Zn 2p3/2 and 2p1/2 peaks
are located at 1021.6 and 1044.6 eV, respectively, which are assigned
to the Zn2+ coordinated into the electron-rich heptazine unit [5,17].
Although K and Cl are common dopants for g-C3N4 in the literature, the
XPS spectra of K 2p and Cl 2p suggest the non-existence of K and Cl
dopants in all the 5 g-C3N4 samples. Therefore, it can be concluded that
Zn is the only dopant in the g-C3N4 synthesized in KCl-ZnCl2 molten
salts. The Zn doping to g-C3N4 is likely to happen before the formation
of melamine oligomers because only trace amount of Zn is found when
using melamine as the precursor (C3N4-M). The Zn doping concentra-
tions are determined by the TGA experiments (Figure S8). By calci-
nating the Zn doped g-C3N4 in flowing air, the remained weights at
1000 °C are ascribed to ZnO. As a result, the Zn doping concentrations
are calculated to be 5.39 wt%, 4.34 wt% and 0.19 wt% for C3N4-C,
C3N4-D and C3N4-M, respectively (Table S3).

Organic elemental analysis (C, N, H) is an important method to
investigate the molecular structures of g-C3N4 synthesized in KCl-ZnCl2
molten salts. As summarized in Table S2, the C3N4-M-Air shows the C/N
atomic ratio of ~0.69, which is close to the theoretical C/N atom ratio
in the melon and also in consistence with former reports [2,54,55]. It
can be seen that the C/N atomic ratios of C3N4-D, C3N4-M and C3N4-D-
Li samples are very similar to the C3N4-M-Air reference. This result
suggests the molten salts environment for g-C3N4 synthesis doesn’t af-
fect the C/N ratios, and the Zn atoms are interstitial rather than the
substitutional dopants. The only exception is the C3N4-C with the sig-
nificantly reduced C/N atomic ratio of ~0.678. Additionally, the g-
C3N4 synthesized in molten salts also show higher contents of H atoms.
The C3N4-C, C3N4-D and C3N4-M contain the H atoms in the weight
percentages of 2.85%, 3.11% and 3.06%, which are remarkably higher
than C3N4-M-Air of 1.65%. These results are ascribed to the higher
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structure distortion and lower polycondensation degree, as also sug-
gested by the XRD, FTIR and XPS analyses (Figs. 2 and 3).

3.2. Electronic structure of g-C3N4 synthesized in KCl-ZnCl2 molten salts

Comparing with molecular structures, the electronic structures of g-
C3N4 samples synthesized in eutectic KCl-ZnCl2 is more important be-
cause the VBM and conduction band minimum (CBM) determine the
photooxidation and photoreduction potentials of the photocatalysts,
respectively. As shown in Figure S4, the VBM (vs. SHE) of C3N4-C,
C3N4-D, C3N4-M, C3N4-M-Air and C3N4-D-Li are calculated to be 0.67,
1.72, 1.86, 1.64, 1.50 eV, respectively. The details of VBM determina-
tion are described in the supporting information. The optical bandgaps
of the prepared samples are derived from the UV–Vis DR spectroscopy.
The optical responses of the samples to the incident light are plotted in
the Kubelka-Monk unit, as shown in Figure S5(a). It can be seen that the
samples exhibit the typical semiconductor behaviour. The optical
bandgaps (Eg) are determined by converting Figure S5(a) to the cor-
responding Tauc plot, as shown in Figure S5(b). Based on extrapolating

the linear range of the curves to the incident light energy axis, the Eg
are determined to be 3.07, 3.17, 3.15, 2.65 and 2.90 eV for C3N4-C,
C3N4-D, C3N4-M, C3N4-M-Air and C3N4-D-Li, respectively [28,56]. It is
noted that all samples synthesized in the molten salts show broadened
Eg than the C3N4-M-Air. The wider Eg is likely to be attributed to the
decreased size and increased structure distortion of the g-C3N4 crystal
[1,4,57]. Based on the measured VBM and Eg, the band positions of
prepared g-C3N4 are summarized and plotted in Fig. 4. It can be seen
from the band position alignment plot that the C3N4-D and C3N4-M
show more positive VBM than the control group samples C3N4-M-Air
and C3N4-D-Li, which indicates the higher photooxidation capability of
C3N4-D and C3N4-M. However, it is worth emphasizing that the mod-
erate Zn doping concentration is critical because Zn dopant intends to
shift the CBM/VBM to the negative direction.

3.3. Morphology and specific surface area

SSA is a critical parameter for the high-performance photocatalysts
since a larger SSA ensures more active sites for reaction. However, low

Fig. 1. The TGA and DSC curves of (a) cyanamide (b) dicyandiamide and (c) melamine under flowing N2 (100 sccm). The peak pointing up represents the exothermal
process. The eutectic temperatures of LiCl-KCl (~352 °C) and KCl-ZnCl2 (~250 °C) are annotated using pink and purple solid lines, respectively.

Fig. 2. The (a) XRD patterns and (b) FTIR spectra of C3N4-C, C3N4-D, C3N4-M and control groups of C3N4-M-Air and C3N4-D-Li.
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SSA is one of the main drawbacks of g-C3N4. For conventional thermal
polymerization of melamine or dicyandiamide in the air, the SSA for
prepared g-C3N4 is usually ~10 m2 g−1 [28]. Even urea or thiourea is
used as the precursor, the reported SSA for two-dimensional or porous
g-C3N4 is typically ~50–70 m2 g−1 [58–61]. The SSA of the samples
prepared in this work is calculated based on the N2 sorption isotherm
characterized at 77 K using the Brunauer-Emmett-Teller (BET) method
(Fig. 5(a)). The derived SSA for C3N4-M-Air as the control group is
15 m2 g−1, which is consistent with the literature [28]. For C3N4-D-Li,
the g-C3N4 synthesized in the conventional KCl-LiCl eutectic system
shows an improved SSA of 58 m2 g−1. Interestingly, this new molten
salt synthesis method using KCl-ZnCl2 eutectic salt mixture shows ex-
traordinary enhancement on the SSA. The SSAs for C3N4-C, C3N4-D and
C3N4-M are measured to be 110, 139 and 172 m2 g−1, respectively.

They are significantly higher than either of the control group samples. It
is worth comparing the pore size distribution curves to unravel the
structural differences. As shown in Fig. 5(b), the C3N4-M-Air synthe-
sized via thermal condensation of melamine in air shows no obvious
peaks, which is ascribed to its non-porous bulk structure. On the con-
trary, the C3N4-C, C3N4-D and C3N4-M show the peaks corresponding to
the pore size of 3–4 nm. These mesopores are likely derived from the
stacking of g-C3N4 particles. In summary, it is proven that the g-C3N4

synthesized in KCl-ZnCl2 molten salts with low melting temperature
show larger SSA than the g-C3N4 synthesized via the thermal poly-
condensation in static air or in conventional KCl-LiCl salt mixture.

The morphologies of the prepared samples are presented with SEM
images and the corresponding EDS analyses, as shown in Figure S6.
Figure S6(a, b) indicates that the control group sample C3N4-M-Air
exhibit the relatively large particles with the diameter of several mi-
crons. The large size of the particles limits the SSA to 15 m2 g−1. For the
sample synthesized in eutectic LiCl-KCl, the C3N4-D-Li (Figure S6(m, n))
shows the morphology of smaller particles in submicron size. The re-
duced particle size induces an enlarged SSA of 58 m2 g−1. For the
samples synthesized in eutectic KCl-ZnCl2, the C3N4-C (Figure S6(d, e)),
C3N4-D (Figure S6(g, h)) and C3N4-M (Figure S6(j, k)) exhibit the par-
ticles with the smaller diameter and the size decreases in the sequence
of C3N4-C, C3N4-D, C3N4-M, which is in consistence with the BET-SSA
results (Fig. 5(a)). Based on the SEM images, the particle sizes of g-C3N4

are measured and the mean sizes are determined statistically. As shown
in Figure S7, the mean particle sizes of C3N4-C, C3N4-D, C3N4-M are
488, 180 and 87 nm, respectively; for the control group samples, the
mean particle sizes of C3N4-M-Air and C3N4-D-Li are ~2.33 and
~0.56 μm, respectively. The EDS is used to identify the possible doping
elements in the prepared g-C3N4 samples. From Figure S6(c, f, i, l, o), it
can be summarized that all the samples are mainly constituted by the C,
N, O elements. For the control group sample C3N4-M-Air and C3N4-D-Li,
the EDS spectra suggest that no dopant exists in the crystals. For the
samples synthesized in the eutectic KCl-ZnCl2, the EDS results indicate
that the Zn is doped in the C3N4-C, C3N4-D and Cl is negligible. Different
from C3N4-C and C3N4-D, Zn EDS signal is very weak in the C3N4-M.
The EDS results suggest the g-C3N4 synthesized using the cyanamide

Fig. 3. XPS (a) C 1s, (b) N 1s and (c) Zn 2p spectra of C3N4-C, C3N4-D, C3N4-M and control groups of C3N4-M-Air and C3N4-D-Li.

Fig. 4. Band position alignment plot for samples prepared in KCl-ZnCl2: C3N4-C,
C3N4-D, C3N4-M and the control group samples C3N4-M-Air, C3N4-D-Li.
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with lowest condensation degree exhibits the highest possibility of
doping, while the melamine with the highest condensation degree
shows the lowest doping possibility.

3.4. Charge carrier separation efficiency

To rationalize the enhanced photocatalytic performance of C3N4-D
comparing with the counterparts, the charge carrier separation effi-
ciencies of the prepared samples are characterized by the photo-
luminescence (PL) spectroscopy method. As shown in Fig. 6(a), the
steady-state PL spectra of g-C3N4 synthesized in KCl-ZnCl2 eutectic salts
shows the emission peaks at ~400 nm, which is in consistency with the
bandgap analyses. It is important to emphasize that the reduced steady-
state PL intensity can be attributed to the higher probability of non-
radioactive recombination. Therefore, the charge carrier separation
efficiency is further characterized by the time-resolved PL spectroscopy.
As presented in Fig. 6(b), the average carrier lifetime of C3N4-D is
1.34 ns, which is significantly longer than the 0.61 ns of C3N4-M,
0.86 ns of C3N4-M-Air and 0.79 ns of C3N4-D-Li. The longer carrier
lifetime of the C3N4-D is attributed to the fact that the Zn dopant energy
level can trap the charge carriers temporally before the recombination.

3.5. Photocurrent response experiments

Photocurrent response is an important evidence reflecting the
ability of photocatalysts in generating electron-hole pairs under light
irradiation. As shown in Fig. 7, the C3N4-D shows the highest photo-
current density under irradiation. The photocurrent density generated
by C3N4-D reaches 370.3nA cm−2 on average, which is ~9.8 times as
much as the C3N4-M-Air (37.9nA cm−2). The C3N4-M shows the second-
largest photocurrents of 92.9 nA cm−2. The remarkably enhanced
photocurrent density of C3N4-D proves that the moderate Zn doping

introduced during the KCl-ZnCl2 molten salts synthesis can facilitate the
electron/hole separation and increase the carrier lifetime. The slightly
inferior current density of C3N4-M and C3N4-C can be explained by the
enlarged bandgap, lower crystallinity and nonoptimal Zn doping con-
centration.

3.6. Photocatalytic dye-degradation performance

The photocatalytic activities of the g-C3N4 prepared in KCl-ZnCl2
molten salts and the control group samples are evaluated via the probe
reaction, MO photocatalytic degradation (Fig. 8(a)). The samples were

Fig. 5. (a) N2 sorption isotherms at 77 K and (b) pore size distribution curves (based on the DFT model) of C3N4-C, C3N4-D, C3N4-M and control groups of C3N4-M-Air
and C3N4-D-Li.

Fig. 6. (a) Steady-state and (b) time-resolved photoluminescence spectra of C3N4-D, C3N4-M and control group sample C3N4-M-Air and C3N4-D-Li.

Fig. 7. Transient photocurrent responses for C3N4-C, C3N4-D, C3N4-M and
control group C3N4-M-Air.
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firstly kept under darkness for 25 min to compare their adsorption
abilities. The photocatalytic reaction was conducted for 125 min, and
the MO concentrations were measured every 25 min. After the first
25 min under dark, two control group samples (C3N4-M-Air and C3N4-
D-Li) show negligible adsorption ability, which can be attributed to
their poor SSAs (15 and 58 m2 g−1 respectively). In the case of the
samples synthesized in KCl-ZnCl2 molten salts, all the samples exhibit
the improved adsorption ability to MO comparing with C3N4-D-Li and
C3N4-M-Air due to the larger SSAs. Among them, the C3N4-D exhibits
the highest adsorption ability that the MO concentration (C) drops to
72.8% of the initial concentration (C0). Although the SSA of the g-C3N4

synthesized in KCl-ZnCl2 shows the sequence of C3N4-M > C3N4-
D > C3N4-C, the sequence of MO adsorption capability is C3N4-
D > C3N4-M ≈ C3N4-D. Therefore, the optimal adsorption perfor-
mance of C3N4-D is likely to be explained by the balance achieved
between SSA, polycondensation degree and Zn doping: low poly-
condensation degree and higher Zn doping concentration increase the
MO adsorption ability [28,62,63], whereas decrease the SSA. In the
photocatalytic MO degradation under simulated solar light, the C3N4-D
also exhibits the highest photocatalytic activity. After 125 min of
photocatalytic reaction, the C3N4-D degrades the MO concentration to
the 2.5% of the initial concentration (C0). While C3N4-C, C3N4-M only
reduce the MO concentration to 37.7% and 27.7% of the C0, respec-
tively. In addition, all the samples synthesized via the KCl-ZnCl2 molten
salts method outperform the control group samples C3N4-M-Air and
C3N4-D-Li, which only reduce the MO concentrations to 43.5% and
64.3% of C0, respectively. To further compare the photocatalytic ac-
tivity of the photocatalysts, the kinetic reaction rate constants are cal-
culated based on the pseudo-first kinetic model. As shown in Fig. 8(b),
the pseudo-first-order reaction kinetic model can be well fitted and the
calculated rate constant k is 0.0054, 0.0052, 0.0224, 0.0071,
0.0034 min−1 for C3N4-M-Air, C3N4-C, C3N4-D, C3N4-M and C3N4-D-Li,
respectively (Table S4). It is noted that the reaction rate constant k for
the optimal sample C3N4-D is 415% and 659% of the control group
samples C3N4-M-Air and C3N4-D-Li, respectively. The significantly en-
hanced photocatalytic activity of C3N4-D strongly demonstrates the
superiority of this novel g-C3N4 synthesis method using KCl-ZnCl2
molten salts comparing with conventional g-C3N4 preparation method.
To further prove the advantages of this molten salts synthesis method,
the MO photodegradation performance of C3N4-D is compared with
recently reported g-C3N4 or ZnO based photocatalysts (Table 1). It can
be seen from Table 1 that the C3N4-D shows the state-of-the-art MO
photodegradation performance under simulated solar light irradiation
and even outperforms the recently reported modified g-C3N4, ZnO and
heterostructure built with g-C3N4 (ZnO). The stability of the optimal
sample C3N4-D was tested by recycling experiments. As shown in Figure
S9, after 3 recycles of photodegradation, only a small decrease in ac-
tivity is observed. It suggests the C3N4-D shows good stability during

photocatalytic reaction.

3.7. Mechanism underpins the enhanced photocatalytic activity

The enhanced photocatalytic activities of the samples synthesized in
KCl-ZnCl2 eutectic salts are reasonably ascribed to the following four
reasons: (i) enlarged SSA, (ii) enhanced MO adsorption, (iii) optimized
VBM position and (iv) reduced electron-hole recombination due to Zn
doping. Firstly, as shown in Fig. 5(a), the SSA is remarkably increased
under the assistance of KCl-ZnCl2 molten salts. The SSA of C3N4-D is
~9.3 times of the C3N4-M-Air synthesized via the conventional thermal
polymerization method and ~2.4 times of C3N4-D-Li synthesized in
conventional KCl-LiCl molten salts. It can be explained by the better
dispersion of reaction intermediates in KCl-ZnCl2 molten salts due to its
lower melting temperature. The larger SSA provides more active sites
for the photocatalytic degradation reaction and the smaller particle size
ensures a short transportation length for photo-excited charge carriers.
Secondly, the Zn dopants and lower polycondensation degree induce
the enhanced MO adsorption. As shown in Fig. 8(a), the C3N4-D shows
the highest adsorption to MO, whereas its SSA is not the largest. The Zn
doping and moderate polycondensation degree are believed as the
reasons for the promoted MO adsorption capability. Thirdly, C3N4-D
shows the enhanced photooxidation capability due to the positively
shifted VBM (Fig. 4). Since the photocatalytic degradation is the MO
oxidization driven by the photo-excited holes, a more positive VBM is
preferred. Lastly, the appropriate amount of Zn dopant can help to
suppress the photo-induced charge carrier recombination. It has been
reported that a proper amount of dopant can suppress the recombina-
tion of photo-excited carriers by trapping them inside dopant energy
states, while over-doped g-C3N4 exhibits deteriorated recombination
due to the dopant acting as the recombination centre [74–77]. As
characterized by XPS and TGA, the Zn doping is achieved in a moderate
concentration in C3N4-D comparing with C3N4-C and C3N4-M. The ap-
propriate amount of Zn dopant ensures the facilitated electron-hole
separation in the semiconductor, which is supported by the photo-
current response experiments (Fig. 7) and time-resolved PL experiments
(Fig. 6(b)). It also rationalizes the result that C3N4-D shows superior
photocatalytic activity to the C3N4-M, though the SSA and oxidation
potential of C3N4-D is inferior to C3N4-M.

It is important to emphasize that the four advantages need to be
balanced to achieve an optimal photocatalytic MO degradation per-
formance. The low polycondensation degree of g-C3N4 benefits the MO
adsorption capability and Zn doping suppresses electron-hole re-
combination. However, the over-doped Zn decreases the SSA, photo-
oxidation capability and enhances recombination; the too low poly-
condensation degree is detrimental for charge carrier transportation
and light absorption. Therefore, it rationalizes the existence of a tem-
perature window in the g-C3N4 polycondensation process for the

Fig. 8. (a) Photocatalytic MO degradation performance and (b) pseudo-first-order kinetic plot of C3N4-C, C3N4-D, C3N4-M and control group samples C3N4-M-Air,
C3N4-D-Li under simulated solar light irradiation.
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successful optimization of g-C3N4 via molten salts method.

4. Conclusion

In this work, g-C3N4 has been prepared for the first time by con-
ducting the thermal polycondensation of organic precursors in KCl-
ZnCl2 molten salts with low eutectic temperature. The experimental
results suggest that locating the melting temperature of salt mixture
within the temperature window between dicyandiamide and melamine
formation steps in the polycondensation process is critical to the pho-
tocatalytic activity enhancement. The optimal Zn doped g-C3N4 (C3N4-
D) shows ~4.15 times higher pseudo-first reaction rate constant in MO
photodegradation than the bulk g-C3N4. The advantages of this novel
synthesis method using KCl-ZnCl2 molten salts can be summarized into
four aspects. Firstly, due to the low eutectic temperature of KCl-ZnCl2
(230 °C), the precursors are better dispersed in the molten salts during
the polycondensation process. As a result, the large SSAs of 111, 139
and 172 m2 g−1 are achieved for the prepared g-C3N4 using cyanamide,
dicyandiamide and melamine precursors, which are at least ~7.4 times
as large as the bulk g-C3N4 synthesized via the conventional procedure.
Secondly, C3N4-D exhibits the significantly enhanced MO adsorption
capability due to moderate polycondensation degree and Zn doping.
Thirdly, C3N4-D shows the optimized electronic structure for photo-
catalytic dye degradation. The VBM is shifted positively, therefore en-
hancing oxidation capability. Lastly, Zn doping at an appropriate con-
centration suppresses electron-hole recombination. The photo-excited
carrier lifetime of C3N4-D is ~1.56 times longer than the bulk g-C3N4.
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A B S T R A C T

Cl doped g-C3N4 with controllable doping site is synthesised for the first time via an agitation-assisted sol-
vothermal method. It is found that both the molecular and electronic structure of the prepared g-C3N4 correlates
strongly with the atomic ratio of interstitial to substitutional Cl dopants (Clint/Clsub), which is determined by the
agitation rate during the solvothermal synthesis. Due to the different effects of Clint and Clsub on the electronic/
molecular structure of g-C3N4, the photocatalytic activity of g-C3N4 can only be optimised by balancing the
concentration of Clint and Clsub dopants. The optimal synthesis condition for Cl-doped g-C3N4 is associated with a
moderate agitation rate of 60 rpm (60-C3N4). Under 60 rpm agitation during the synthesis, the 60-C3N4 exhibits
remarkably larger specific surface area, stronger photo-oxidation capability, reduced bandgap and suppressed
electron-hole recombination comparing with the control group g-C3N4 synthesised via conventional thermal
polycondensation method. An outstanding photocatalytic RhB degradation performance is therefore observed
for 60-C3N4 with ~ 35-fold higher pseudo-first reaction rate constant than the bulk g-C3N4 control group sample.

1. Introduction

Water pollution is a severe challenge to human society in the 21st
century. Among all the pollutants, organic dyes are a kind of major
pollutants due to its wide usage in the industry [1]. Taking advantage of
solar light to remove the dyes from water is a sustainable and eco-
nomically feasible way to address this challenge, and a high-perfor-
mance photocatalyst is a key to success. Graphitic C3N4 (g-C3N4) is
deemed as a promising candidate for photocatalytic dye degradation
due to its low-cost, non-toxicity and free of transition metal-free com-
position [2–5]. However, the unsatisfactory photocatalytic activity of g-
C3N4 hinders its practical application. The main shortcomings of g-C3N4
are its limited specific surface area (SSA), non-optimised electronic
structure and high photo-excited electron-hole recombination rate
[6–8]. The development of new strategies to address the shortcomings
of g-C3N4 and improve its photocatalytic dye degradation performance
remains a challenging task.

The strategies to optimise the property of g-C3N4 can be classified
into two main categories: doping with heteroatoms and vacancy in-
troduction [9,10]. Whereas vacancy introduction is limited to C or N
only, heteroatoms doping is more versatile due to the wide variety of
dopants. Heteroatom doping has been reported to improve the photo-
catalytic performance of g-C3N4 through different mechanisms: (i)

trapping photo-excited electrons or holes and retarding the re-
combination [10,11]; (ii) optimising the electronic structure by shifting
the edge of valence band or conduction band [12,13]; (iii) facilitating
the interlayer electron/hole transfer [14] and (iv) enhancing target
reactant adsorption and activation [12,15–18]. Among all the potential
dopants, the Cl atom is one of the most promising candidates due to its
unique features. Cl not only enhances the photocatalytic performance of
g-C3N4 on its own [19,20], and as a common anion, Cl can also be
introduced into g-C3N4 along with other dopants [21–24]. Another
important feature of Cl as dopants is that Cl can potentially act as both
interstitial and substitutional dopants (Clint and Clsub). However, no
previous work has elucidated the different roles of Clint and Clsub on
influencing the molecular and electronic structure of g-C3N4. The op-
timal combination of Clint and Clsub remain ambiguous.

To optimise the property of pristine g-C3N4 for a better photo-
catalytic activity, one of the most fundamental aspects is to develop a
new preparation method. Moreover, the clear understanding of the
relationship between preparation parameters and property of the syn-
thesised material is critical. As the most conventional preparation
method for g-C3N4, thermal polymerisation in a static atmosphere has
been comprehensively investigated. Comparing with thermal poly-
merisation, the solvothermal method possesses unique advantages such
as low temperature, controllable morphology, high homogeneity etc.
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Although the solvothermal synthesis of g-C3N4 is still not fully under-
stood as it has not been thoroughly studied yet, synthesis method using
dicyandiamide/melamine and cyanuric chloride in acetonitrile have
been reported in the literature [25–28]. However, in those works, g-
C3N4 solvothermal synthesis were all performed in a static condition.
The static solvothermal synthesis results in g-C3N4 with low SSA, which
significantly hinders its photocatalytic performance. For instance, Hu
et al. [29] reported the solvothermal synthesis of g-C3N4 using cyanuric
chloride and sodium azide. Their reported SSA value of 4.4 m2 g−1

showed no obvious advantage comparing with C3N4 synthesised via
conventional thermal polycondensation method. An SSA value of 34 m2

g−1 was reported by Wang et al. [30] using melamine and cyanuric
chloride; Cui et al. [31] synthesised C3N4 hollow microspheres with an
SSA value of 20 m2 g−1 via the solvothermal method with cyanuric
chloride and dicyandiamide. Moreover, in all these studies though, the
role of Cl dopants in g-C3N4 introduced via cyanuric chloride is either
neglected [28–30,32] or largely unexplored [31,33]. Therefore, the
correlation between Clint (Clsub) doping and the solvothermal synthesis
condition remains unknown.

Herein, the Cl doped g-C3N4 with controllable Cl doping sites is
synthesised for the first time via an agitation-assisted solvothermal
method. The effects of agitation rate on the morphology, SSA, Cl doping
concentration and their relations with the photocatalytic activity are
investigated in detail. By elucidating the different effects of Clint and
Clsub on electronic/molecular structure of g-C3N4, the balance between
the Clint and Clsub is proven critical to improving the photocatalytic
activity of g-C3N4. With optimal Clint/Clsub atomic ratio, the SSA of Cl
doped g-C3N4 prepared under 60 rpm agitation (60-C3N4) reaches
82.7 m2 g−1, which is ~6.67 times of the g-C3N4 prepared via the
conventional thermal polymerisation method. Moreover, the 60-C3N4
shows the state-of-the-art RhB photodegradation performance under
visible light irradiation and the corresponding pseudo-first reaction rate
constant is ~35-fold higher than the conventional g-C3N4.

2. Materials and methods

2.1. Materials

All chemicals were of analytical grade and used without any further
purification. Cyanuric chloride (1, 3, 5- trichlorotriazine, ≥ 99.5%,
ACS reagent), dicyandiamide (99.5+ %, ACS reagent), melamine
(99%) and Acetonitrile (99.9+ %, extra dry, AcroSeal) were purchased
from ACROS. Deionised (DI) water was used in all the experiments.

2.2. Catalysts preparation

Cl-doped g-C3N4 was successfully prepared by a one-step template-
free solvothermal method under controlled agitation. To prepare the Cl-
doped g-C3N4, 15 mmol of cyanuric chloride, 7.5 mmol of dicyandia-
mide and 60 mL acetonitrile were added into a 150 mL Teflon-lined
autoclave (Ø60 mm× 50 mm, ID × H). The temperature of the reactor
was monitored via a K-type thermocouple inserted into a blind hole on
the wall of a stainless-steel reactor. The heating band tightly sur-
rounding the reactor was used to heat the reactor, and the temperature
was controlled by a proportional–integral–derivative (PID) temperature
controller. The reaction system was agitated by a Teflon coated round
magnetic stirring bar (Ø6mm × 30 mm, D × H) with digital control of
the agitation speed. In the synthesis progress, the reactor was heated to
180˚C with a ramping rate of 10 °C min−1. During 48 h of soaking at
180 °C, the agitation was maintained constantly. After cooling down to
room temperature naturally, the sample was collected and washed by
DI water and ethanol (~300 mL) under vigorous stirring for three
times. Then, it was dried in a vacuum oven at 80 °C overnight. The g-
C3N4 samples synthesised via the solvothermal method with different
agitation rates of 0 rpm, 60 rpm (minimum speed of magnetic stirrer),
100 rpm, 400 rpm, 750 rpm and 1100 rpm (maximum speed of

magnetic stirrer) are denoted as 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4,
750-C3N4 and 1100-C3N4, respectively, in the rest of this work. Control
group sample C3N4-M-Air was synthesised via the conventional thermal
polycondensation method in static air. 10 g of melamine was packed
into an alumina crucible covered with a lid. The crucible was then
placed at the centre of a muffle furnace and heated at 500 °C for 2 h
with a ramping rate of 10 °C min−1. After cooling to room temperature
naturally, the yellowish product was ground to fine powders in an agate
mortar and denoted as C3N4-M-Air.

2.3. Physical characterisation

Powder X-ray diffraction (XRD) patterns of the prepared samples
were characterised using an X-ray diffractometer (Phaser-D2, Bruker)
with Cu Kα X-ray source at the voltage of 40 kV and current of 40 mA.
Both core-level and valence band (VB) X-ray photoelectron spectra
(XPS) were characterised using an X-ray photoelectron spectrometer
(ThermoFisher K-Alpha) with an Al Kα X-ray source. The C, H and N
chemical compositions of the prepared g-C3N4 samples were de-
termined with an organic elemental analyser (Carlo Erba NA2500). The
infrared (IR) transmission spectrum was collected on a Fourier trans-
form infrared spectrophotometer (FTIR, Shimadzu IRTracer-100) fol-
lowing the KBr pellet method. The 0.5 mg sample was first mixed with
100 mg pre-dried KBr powder by carefully grinding in a mortar. Then,
the mixture was pressed into a pellet in the diameter of 13 mm using a
hydraulic press. The prepared KBr pellet was placed inside the FTIR
spectrometer vertically to the incident beam. The spectrum within the
range of 600–4000 cm−1 was collected in the resolution of 4 cm−1 by
averaging 64 scans. Light adsorption and bandgap determination were
conducted by ultraviolet-visible diffuse reflectance spectroscopy
(UV–Vis DRS) on a UV–Vis spectrophotometer (UV-3600plus,
Shimadzu) equipped with a commercial accessory (Praying Mantis,
Harrick). Static photoluminescence (PL) spectra were collected using a
spectrofluorometer (Shimazu RF-6000) with a solid sample accessory.
325 nm UV light was used as the excitation source, and the slit width
was set to be 3 nm. The time-resolved photoluminescence spectra (time-
resolved PL) were collected on a time-resolved fluorescence spectro-
meter (FLS980, Edinburgh Instruments) by monitoring the fluorescence
intensity evolution at the peak wavelength determined from the static
PL test. A scanning electron microscope (SEM, Zeiss Sigma VP) was
used to obtain the morphological information of the prepared samples.
An additional X-ray energy dispersive spectrometer (EDS) installed in
the SEM was used to determine the elemental composition of the
samples. N2 sorption experiments were conducted on an automatic
sorption analyser (Quantachrome, Autosorb-iQ) at a temperature of
77 K. The specific surface area (SSA) was calculated from the N2
sorption isotherm using Brunauer-Emmett-Teller (BET) theory.

2.4. Photoelectrochemical experiments

Photoelectrochemical tests were conducted with a typical 3-elec-
trode configuration using a potentiostat (Metrohm, Autolab
PGSTAT204). The reference electrode was Ag/AgCl (0.1 M KCl, CHI
Instruments); the counter electrode was a Pt-coil electrode (CHI
Instruments), and the electrolyte was the 0.1 M KCl aqueous solution.
The working electrode was prepared via the following procedure. A
15 × 15 mm2 indium tin oxide coated glass (ITO glass) was used to
support the catalysts as the working electrode. A geometric area of
0.75 cm2 was kept as an active area on the ITO glass with the rest of the
surface insulated by scotch tape. A crocodile clamp with copper lead
was used for wiring the working electrode. The whole clamp and wire
were kept out of the solution to prevent any side-reaction. (2) mg of
catalysts were dispersed into 0.2 mL ethanol by ultrasonication. 10 μL
Nafion solution (5 wt%, Sigma-Aldrich) was then added into the solu-
tion forming a homogenous mixture. A total amount of 0.1 mL mixture
was then dropped on the ITO glass in portions of 20 μL each time. After
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drying at room temperature, the working electrode was ready for the
photoelectrochemical experiments. During the transient photocurrent
response experiments, a Xenon lamp (Thorlabs, SLS 401) equipped with
a 420 nm long-pass filter was used to provide the visible light for cat-
alysts excitation. A build-in optical shutter was used to chop the light
beam regularly. A bias potential of 0.2 V (vs Ag/AgCl, 0.1 M KCl) was
applied to the working electrode during the tests, and the data interval
was set to 0.1 s.

2.5. Photocatalytic performance evaluation

The photocatalytic activity of the prepared samples was evaluated
by a probe reaction, i.e. photocatalytic RhB degradation under visible
light irradiation. A 300 W Xenon lamp (PLS-SXE300,
Beijing Perfectlight technology co.) with a 420 nm long-pass filter was
used to provide the visible light to drive the reaction. The power density
of the light reaching the catalysts was measured to be 508 ± 10 mW
cm−2 using a thermopile light power meter (Thorlabs, PM16-401). A
jacketed glass beaker was used as the reactor with water circulation to
keep the solution temperature constant during the photocatalytic ex-
periments. For each degradation experiment, 12 mg of catalyst was
dispersed into 60 mL RhB aqueous solution in the concentration of
10 ppm. Before the photocatalytic reaction, the solution was ultra-
sonicated for 10 min and kept under stirring for another 25 min under
dark to achieve a homogeneous catalyst dispersion; this procedure also
enables the comparison of the catalyst adsorption capability towards
RhB. Then, visible-light-driven photocatalytic RhB degradation ex-
periments were conducted for 125 min under constant stirring. 3 mL
aliquots were collected every 25 min for RhB concentration measure-
ments. The aliquots were firstly centrifuged at 9000 rpm for 7 min to
separate the catalysts; then the catalyst-free solutions were transferred
into a cuvette and tested by a UV-Vis spectrophotometer (Analytik
Jena, SPECORD PC 250).

3. Results and discussion

3.1. Molecular structure analysis

As indicated by the plausible g-C3N4 synthesis mechanisms via the
solvothermal method displayed in Fig. 1, two precursors, cyanuric
chloride and dicyandiamide, can be used for the synthesis of g-C3N4.
Similar to the conventional g-C3N4 preparation method (i.e. thermal
polycondensation), the solvothermal synthesis undergoes a similar
polycondensation process from smaller oligomers to larger ones. The
possible reaction intermediates include melamine, melem, melon and
the corresponding oligomers with Cl dopants. The resulting g-C3N4
crystal is based on the stacking of melon layers with infinite size in
theory (in practice, melon layers have a finite size due to the limited
crystallisation degree).

The crystal phases of different g-C3N4 samples were characterised
by XRD (Fig. 2(a)). The results indicate that the crystallisation degree of
g-C3N4 is remarkably affected by the agitation during the solvothermal
preparation. The 0-C3N4 synthesised under static solution without
agitation exhibits the typical XRD pattern of g-C3N4. The main peak at
27.3° refers to the (002) facets of the crystal [34]. It represents the
stacking of the layers of repeating melem units via the van der Waals
force. The broad peak at ~ 23° can be attributed to the less crystallised
g-C3N4 structure. The crystallisation degree first drops when agitation is
implemented during the synthesis, then increases with the agitation
rate rises. An increased crystallisation is achieved for the 1100-C3N4
synthesised under the agitation rate of 1100 rpm. The molecular
structure of g-C3N4 prepared via the solvothermal method was further
characterised by FTIR spectroscopy. As shown in Fig. 2(b), all the
samples prepared via the solvothermal method exhibit the typical FTIR
spectra of g-C3N4. All these spectra include the peaks at 812 cm−1,
which is characteristic of the existence of NH/NH2 groups [35,36]. The

strong adsorption band from 1269 to 1622 cm−1 are the typical vi-
bration modes of C-N heterocycles of heptazine units [25,36,37].
Moreover, the absence of eCH bands at ~3000 cm−1 and eCN bands at
~2200 cm−1 rules out the possibility of direct involvement of acet-
onitrile in the g-C3N4 syntheses [26].

Organic elemental analysis is a more accurate way to quantitatively
determine the chemical compositions of the samples prepared at dif-
ferent agitation rates. The results are summarised in Table 1. As illu-
strated in Fig. 1, the synthesis of g-C3N4 can be described as a poly-
condensation process. Theoretically, the fully crystallised or
polycondensed g-C3N4 possesses the atomic C/N, H/N ratios of 0.75 and
0, respectively. Before reaching the full polycondensation, the key in-
termediates or oligomers are the melamine (C3H6N6), melem (C6H6N10)
and melon (C18N27H6). The corresponding atomic C/N ratios of these
intermediates are 0.5, 0.6, 0.67 and H/N are 1, 0.6, 0.22, respectively.
This indicates that the higher C/N and lower H/N ratios correspond to a
higher condensation degree. More importantly, the substitution of N
atoms by Cl dopants can significantly increase the C/N atomic ratio,
even surpassing the theoretical 0.75 in g-C3N4. As summarised in
Table 1, the control group sample C3N4-M-Air, synthesised via the
conventional polycondensation of melamine at 500 °C, comprises N, C,
H with weight ratios of 57.61 wt%, 34.10 wt% and 1.65 wt%, respec-
tively. The C/N atomic ratio is 0.691, which is between the melon and
fully polycondensed g-C3N4, close to the reported values in the litera-
ture [38,39]. Additionally, the low H weight percentage (1.65 wt%)
and H/N atomic ratio (0.401) indicate a relatively high crystallisation
degree of the g-C3N4 prepared via this method. Significantly different
from the C3N4-M-Air, the g-C3N4 synthesised via the solvothermal
method shows the remarkably different chemical compositions and
polycondensation degree. Moreover, the chemical composition and
polycondensation are agitation rate-dependent. Different from C3N4-M-
Air, all the samples synthesised under agitation exhibit the H/N atomic
ratios higher than 1.0, which suggests the lower polycondensation de-
gree. The low crystallisation degrees are also proven by the XRD
characterisation (Fig. 2(a)). In the case of C/N atomic ratio, for the g-
C3N4 synthesised under agitation condition with stirring rates of 0, 60,
400, 750 and 1100 rpm, the C/N atomic ratios are 0.772, 0.845, 0.832,
0.818 and 0.760, respectively. The C/N atomic ratio firstly rises with
the agitation rate when the agitation rate is relatively low. Then C/N
atomic ratio falls back when the agitation rate further increases to
1100 rpm due to the enhanced crystallisation degree. It is important to
point out that the C/N atomic ratios are even higher than the theore-
tical 0.75 of the fully condensed g-C3N4. This strongly suggests the Cl
dopants substitute the N atoms in the molecular structure of g-C3N4,
which is further confirmed via the XPS analyses (Fig. 4). The much
higher crystallization/polycondensation degree of C3N4-M-Air than the
solvothermally synthesized g-C3N4 can be explained by their different
preparation temperature. The C3N4-M-Air was prepared at 500 °C; by
contrast, the Cl doped g-C3N4 was prepared at 180 °C.

The molecular structures of Cl doped g-C3N4 prepared via sol-
vothermal method can be determined via XPS analyses. As shown in
Fig. 3(a), the C 1s XPS spectra of Cl doped g-C3N4 synthesised via the
solvothermal method are deconvoluted into 3 peaks, which is in
agreement with the control group sample C3N4-M-Air. The peak posi-
tioned at the binding energy of 284.6 eV is assigned to the adventitious
carbon. It is used to calibrate all the XPS spectra for surface charge
compensation. The other two peaks with the binding energy of 286.4
and 288.2 eV can be attributed to the C-NHx and tri-coordinated C in
the melem unit, respectively [14,26]. Note that the C-Cl bonds due to
Clint dopants also contributes to the C 1s spectra. However, it is too
difficult to accurately assign C-Cl bond due to its low concentration,
unknown binding energy and strong overlap with C-NHx/adventitious C
peaks. The N 1s spectra of all the samples are presented in Fig. 3(b). The
peaks centred at 398.7, 399.9 and 400.8 eV are assigned to the sp2-
hybridized N (C]NeC), sp3-hybridized N (N-(C)3) and NHx functional
group, respectively [34,40,41]. The C 1 s and N 1 s spectra of the
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samples prepared via solvothermal method show consistency with
C3N4-M-Air. It proves that the g-C3N4 synthesised via solvothermal
method still follows the g-C3N4 molecular structure.

In g-C3N4, there are two possible sites for Cl doping: substitutional
and interstitial sites (Clsub and Clint), as schemed in Fig. 1. Since the Cl
possesses the moderate electronegativity and atom radius, the

possibilities of doping at these two sites are very similar. As being
pointed out via the DFT calculation, the formation energy for sub-
stitutional (dicoordinated N) and interstitial doping are calculated to be
3.60 and 3.52 eV, respectively [42]. To distinguish the Clint and Clsub,
the Cl 2p spectra are deconvoluted and presented in Fig. 4. The peak
centred at 202.0 and 200.2 eV can be attributed to the 2p1/2 and 2p3/2

Fig. 1. Scheme of g-C3N4 synthesis via solvothermal reaction with the feedstocks of cyanuric chloride and dicyandiamide.

Fig. 2. The XRD patterns (a) and FTIR spectra (b) of the C3N4 prepared under different agitation conditions.
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peaks of Clsub dopants, which are consistent with the reported binding
energy of C-Cl bond in the literature [20,43,44]. And the peaks with the
binding energy of 198.2 and 197.2 eV can be assigned to the Clint do-
pants derived from the Cl− ions in the solution. The binding energy
matches the typical values of NH4Cl [45] and the reported value in
previous work [46] of Cl-doped g-C3N4. The assignments of Clsub and
Clint are rationalised by their different origins. The Clsub dopants are
brought by the cyanuric chloride (schemed in Fig. 1). In contrast, the
Clint dopants come from the negatively charged Cl− ions due to the
formation of NH4Cl during the polycondensation for g-C3N4 synthesis.
Therefore, the Clsub should exhibit more positive oxidation state than
the Clint, which causes the larger binding energy of Clsub than Clint in
XPS spectra (Fig. 4). The deconvolution of Cl 2p (Fig. 4) provokes the

question why Clint and Clsub intend to co-exist. It can be explained from
the perspectives of thermodynamics and kinetics. Because the forma-
tion energy of Clint and Clsub are very similar (3.60 and 3.52 eV, re-
spectively [42]), the equilibrium constant ratio for Clint over Clsub, Kint/
Ksub, is calculated to be 1.08. Due to the slow kinetics of the doping
process, the dopants are unlikely reaching its equilibrium concentra-
tions. Therefore, the atomic ratio of Clint/Clsub can be adjusted by
varying the preparation condition.

The effects of agitation on Cl dopants concentration and distribution
can be investigated via XPS semi-quantitative analyses of Fig. 4. The
atomic and weight percentages of element i (Ai% and Wi%) in Cl doped
g-C3N4 can be determined based on the peak area Si, molecular weight
mi, relative sensitivity factor RSFi and energy compensation factor ECFi:

= ×
×
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S RSF ECF

% /( )
[ /( )]
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i i i
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The total Cl doping concentrations (W %Cl ) at different agitation
conditions are calculated to be 1.93%, 3.68%, 3.94%, 3.97%, 5.51%,
6.23% for the Cl doped g-C3N4 synthesized with agitation rates of 0, 60,
100, 400, 750, 1100 rpm respectively, as summarized in Fig. 5. It is
noted that the total Cl doping concentration increases when the agita-
tion rate rises. This can be attributed to the facilitated Cl intercalation
derived from agitation during the crystallisation of g-C3N4. XPS

Table 1
Chemical compositions of g-C3N4 prepared at different agitation conditions
determined by organic elemental analyses.

sample N (wt%) C (wt%) H (wt%) C/N (atomic
ratio)

H/N (atomic
ratio)

0-C3N4 47.74 31.60 2.95 0.772 1.120
60-C3N4 45.59 33.02 2.88 0.845 1.048
400-C3N4 45.64 32.53 2.79 0.832 1.029
750-C3N4 46.42 32.53 2.81 0.818 1.037
1100-C3N4 47.65 31.05 3.04 0.760 1.174
C3N4-M-Air 57.61 34.10 1.65 0.691 0.401

Fig. 3. The XPS (a) C 1s and (b) N 1s spectra of g-C3N4 prepared via the solvothermal method with agitation rates of 0, 60, 100, 400, 750 and 1100 rpm respectively.
The corresponding spectra of control group sample C3N4-M-Air are also presented.
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analyses also provide a semi-quantitative understanding of the atomic
ratios of Clint and Clsub dopants. Due to the same RSF and ECF for the Cl
dopants at different sites, the atomic ratio of Clint and Clsub dopants

(Clint/Clsub) can be directly determined by the comparison of corre-
sponding 2p3/2 peak areas. As shown in Fig. 5, the calculated atomic
Clint/Clsub ratios are 0.48, 0.28, 0.22, 0.35, 0.36 and 0.49 for the g-C3N4
synthesized with the agitation rates of 0, 60, 100, 400, 750, 1100 rpm,
respectively. It is important to emphasise that the Clint/Clsub atomic
ratio shows a reducing trend when the agitation rate increases from 0 to
100 rpm. However, the Clint/Clsub atomic ratio increases when the
agitation rate further increases from 100 to 1100 rpm. This U-shape
curve describing the correlation between Clint/Clsub atomic ratio and
agitation rate can be explained by the different dependences of Clint and
Clsub doping concentrations on agitation rates. In the case of Clint, the
intensified agitation facilitates the Clint doping due to the enhanced
mass transfer. In addition, the shearing force brought by agitation can
help Cl− diffuse into the interlayer site of g-C3N4. The similar phe-
nomenon has been observed in other van der Waals crystals such as
graphite [47,48], BN [49], MoS2 [50], etc. Different from Clint, the
correlation between agitation rate and Clsub concentration is more
complicated. Comparing with lower agitation speed, the higher agita-
tion rate can increase the condensation degree of g-C3N4 (as suggested
by XRD patterns, Fig. 2(a)), which means the larger size of melon unit,
more layers stacking and bigger particle size (also confirmed by BET-
SSA (Fig. 6) and SEM analyses (Fig. 7)). Since the cyanuric chloride is
used as the C, N sources during the polycondensation, it is likely to form
Clsub dopant at the beginning of oligomer formation. In low-rate agi-
tation condition, the Clsub doped oligomers are added to the edge of the
melon unit, which causes the increase of Clsub concentration. However,
at higher agitation rate, the significantly increased crystallisation de-
gree of g-C3N4 (Fig. 2(a)) reduces the number of on-plane defects such
as the Clsub. It is consistent with the negative correlation between C/N
atomic ratio and agitation rates from 60 to 1100 rpm (Table 1). The
explanations proposed here is only the most plausible one based on the
observed experimental results. More careful works specifically focusing
on this topic are needed to confirm and elucidate the explicit me-
chanism. In summary, the different agitation dependence of Clint and
Clsub concentration is responsible for the unique U-shape correlation
between the atomic ratio of Clint/Clsub and agitation rate.

3.2. The specific surface area (SSA) and surface morphology

The SSA of the g-C3N4 synthesised via the solvothermal method was
characterised via the N2 sorption experiments at 77 K. The corre-
sponding isotherms are presented in Fig. 6. The SSAs calculated based
on the Brunauer-Emmett-Teller (BET) theory are 12.4, 82.7, 64.7, 43.0,
37.8 and 16.3 m2 g−1 for 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-
C3N4 and 1100-C3N4 respectively. All the N2 sorption isotherms exhibit
the characteristic hysteresis of non-porous structure. It is noted that the
BET-SSA shows no positive correlation with the concentration of Clint or
total Cl dopants, which rules out the possibility that Cl− is mainly
adsorbed on the surface. The sample synthesised at a static solution
without agitation, i.e. 0-C3N4, has the SSA of 12.4 m2 g−1, which is
similar to the reported data in the literature [25–27] and the control
group C3N4-M-Air (14.9 m2 g−1). It is needed to emphasize that the
BET-SSA shows the agitation rate dependence too. When the agitation
rate firstly increases to 60 rpm, the SSA of 60-C3N4 is enlarged to
82.7 m2 g−1. However, when the agitation rate further increases, the
corresponding SSA reduces accordingly.

The morphologies of the g-C3N4 prepared via solvothermal method
were examined using SEM, and the corresponding images are shown in
Fig. 7. The sample of C3N4-M-Air shows the particle sizes of several
microns (Fig. 7(a, b)). Though the surface of the particle is relatively
rough, the large particle size limits the SSA to be ~14.9 m2 g−1. The 0-
C3N4 synthesised in the static solvothermal condition shows the mor-
phology of aggregated large spheres with the size of several microns
(Fig. 7(d, e)) and BET-SSA of 12.4 m2 g−1. When the agitation rate
increases to 60 rpm, the size of 60-C3N4 primary particles reduce
to ~ 200 nm, which further aggregates into sub-micron particles

Fig. 4. The XPS Cl 2p spectra of Cl doped g-C3N4 prepared via solvothermal
method with agitation rates of 0, 60, 100, 400, 750 and 1100 rpm, respectively.
The corresponding spectra of control group sample C3N4-M-Air are also pre-
sented.

Fig. 5. The concentration of Cl dopants in the samples synthesised via the
solvothermal method. And the effects of agitation on the atomic ratio of in-
terstitial over substitutional Cl dopants.
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(Fig. 7(g, h)). The smaller primary particle size of 60-C3N4 comparing
with 0-C3N4 gives a significantly larger SSA of 82.7 m2 g−1. Further
increasing the agitation rate to 400 rpm, the primary particle size starts
to increase again, as shown by 400-C3N4, 750-C3N4 and 1100-C3N4
(Fig. 7(j–q)). From the SEM morphology analyses, it can be concluded
that the changes in the g-C3N4 particle size are responsible for the
evolution of SSA at different agitation rates. The EDS spectra were used
to unravel the elemental information on all the samples. It can be seen
that all the samples are mainly constituted by the C, N. Comparing with
the C3N4-M-Air, the C3N4 synthesised via the solvothermal method all
show the existence of Cl dopants.

It is noted that the correlation between SSA and agitation rate in this
work is different from the conventional understanding that a more
vigorous agitation leads to smaller particle size and larger SSA [51–54].
However, during the solvothermal synthesis of Cl doped g-C3N4 under
agitation, the correlation between agitation rate and particle size is
controlled by a combined effect of crystallisation and Clint doping.
When no agitation is applied, the nucleation rate is slow, which results
in large primary particle size (0-C3N4). In the case of 60-C3N4, the
agitation in a relatively slow rate can significantly increase the nu-
cleation rate [54], which results in the smaller primary particle size. At
a more intensive agitation rate, the mass transfer is no longer the
control factor. Therefore, the larger particle size can be explained by
the enhanced crystal growth due to the intensified interparticle inter-
action [55] or suppressed homogeneous nucleation [56,57]. The rise of
interstitial Cl doping inducing g-C3N4 interlayer bonding is another
reason for the enlarged primary g-C3N4 particle size. When higher
agitation speed applied, the Cl is inclined to dope at the interstitial sites,
as indicated by the XPS analyses (Fig. 5). The higher concentration of
Clint dopants will decrease the BET-SSA because the interstitial dopants
can enhance interaction between the g-C3N4 layers, which promotes the
formation of larger crystallites. This phenomenon can also be observed
in many former researches focusing on the interstitially doped g-C3N4
[12,14,37,58–60].

3.3. The electronic structure analyses

The bandgap of the samples prepared via solvothermal method was
determined via the UV-Vis DR spectroscopy method. As shown in
Fig. 8(a), the optical absorption of all g-C3N4 show the typical spectra of
the semiconductor. The Tauc plots derived from the UV-Vis DR spectra
to determine the bandgap are presented in Fig. 8(b). It can be seen that
the C3N4-M-Air shows much wider bandgap than the samples synthe-
sised via the solvothermal method. Additionally, the samples synthe-
sised in solvothermal method with different agitation rates exhibit si-
milar values. To be specific, the 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4,
750-C3N4, 1100-C3N4 samples exhibit bandgap energy values of 1.82,
1.78, 1.78, 1.77, 1.82 and 1.87 eV, respectively. The bandgap value of

0-C3N4 is close the value reported in the previous work using the same
g-C3N4 preparation recipe [26]. Comparatively, the control group
sample C3N4-M-Air presents a bandgap of 2.65 eV, which is in agree-
ment with previous studies in the literature [61,62]. The correlation
between bandgap and agitation rate presents a U-shape curve, as dis-
played in Fig. 9. The mechanism underpins this phenomenon is that the
Clsub shows higher bandgap narrowing capability than Clsub. It can be
rationalised by the stronger electronic interaction, mid-gap state in-
troduction and larger molecular structure distortion brought by Clint.

The valence band maximum (VBM) is another important parameter
affecting the photocatalytic dye degradation performance, because the
VBM determines the oxidation capability of photo-excited holes. To
calculate the VBM, the XPS VB characterisation was conducted, and
results are presented in Fig. 10. VBM binding energy calculated based
on the XPS VB spectra are 2.43, 2.91, 3.01, 3.0, 2.82, 2.66 eV for 0-
C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-C3N4, respec-
tively. The VBM binding energy needs to be further converted to the
chemical potential versus standard hydrogen electrode (SHE) using the
following equation [38]:

= + EVBM(vs. SHE) 4.44binding (3)

where the Ebinding represents the VBM binding energy achieved from the
XPS VB spectra and the work function of the XPS spectrometer
(3.83 eV). The 4.44 eV is the potential difference between the SHE and
vacuum. The converted VBM (vs. SHE) are calculated to be 1.82, 2.30,
2.40, 2.39, 2.21, 2.05 eV for 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4,
750-C3N4, 1100-C3N4, respectively. For comparison, the VBM of C3N4-
M-Air is determined to be 1.64 eV. Combining the optical bandgap
determined from the UV–Vis DR spectra (Fig. 8), the conduction band
minimum (CBM) of the samples can be calculated by adding CBM and
bandgap together. To illustrate the effects of Cl dopants distribution on
the electronic structure of g-C3N4, the band alignment based on the
calculated CBM and VBM is plotted as in Fig. 11. By comparing the
electronic structures of samples presented in Fig. 11, it can be seen that
all the samples synthesised via the solvothermal method show the lower
VBM than the control group C3N4-M-Air. It suggests that the higher
oxidation capability of the Cl doped g-C3N4 synthesised via the sol-
vothermal method than the C3N4-M-Air synthesised via conventional
thermal polycondensation method. More importantly, the agitation rate
during the solvothermal synthesis shows significant influences on the
VBM positions and a U-shape correlation is exhibited.

The U-shape correlation between agitation rate and VBM, CBM
positions can be explained by the different influences of Clint and Clsub
on the electronic structure of Cl-doped g-C3N4. It is derived from the
different coordination environment of the Clint and Clsub in the mole-
cule. The Clint interacts with all the surrounding N atoms in the melem
unit (theoretically 6 N atoms) and the Clsub replacing one N atom forms
the strong covalent bonds with 2 adjacent C atoms. On one hand, the

Fig. 6. The isotherms of the N2 sorption at 77 K for (a) the g-C3N4 synthesised in the solvothermal method under different agitation rates and (b) 0-C3N4 and control
group samples C3N4-M-Air.
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negatively charged Clint as the interstitial dopant brings extra electrons
to the g-C3N4 molecules, which can significantly shift the Fermi energy
level (EF) to the negative direction in the band diagram (Fig. 11)
[42,63]. On the other hand, the atomic Mulliken electronegativity ( )
of C, N and Cl is 8.58, 9.77 and 14.06 eV, respectively [64]. The higher

electronegativity suggests the Clsub dopants can shift the VBM to posi-
tive direction as described via the approximation from the electro-
negativity [65–68]:

Fig. 7. The SEM images and corresponding EDS spectra of (a-c) C3N4-M-Air, (d-f) 0-C3N4, (g-i) 60-C3N4, (j-l) 400-C3N4, (m-o) 750-C3N4, (p-r) 1100-C3N4.
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where E0 is the energy of free electrons on the hydrogen scale
(~4.4 eV); Eg is the bandgap energy of the semiconductor; is the
atomic Mulliken electronegativity in the compound AaBb. In summary,
the Clint and Clsub shift the CBM/VBM to the opposite direction, and the
experimentally determined electronic structures are the result of the
balance between Clint and Clsub influences. As a result, the VBM, CBM
positions also show the U-shape correlation with the agitation rate
(shown in Fig. 11). It is in consistence with the U-shape correlation
between Clint/Clsub ratio and agitation rate (Fig. 5).

3.4. Photoluminescence (PL) analyses

PL analyses are the methods to investigate the efficiency of photo-
excited electron/hole radiative recombination. As shown in Fig. 12(a),
the C3N4-M-Air synthesised via conventional thermal condensation
method shows a significantly strong steady-state PL emission spectrum,
which is at least two orders of magnitude larger than the g-C3N4 syn-
thesised via the solvothermal method. It suggests the remarkable photo-
excited electron/hole recombination in conventional g-C3N4, as already
pointed out in the literature [24,69,70]. Different from the C3N4-M-Air,
the g-C3N4 synthesised via the solvothermal method exhibits greatly
reduced PL intensity due to Cl doping. The PL emission intensity de-
creases in the sequence of 0-C3N4 > 1100-C3N4 > 750-C3N4 > 60-
C3N4, 100-C3N4 > 400-C3N4. From the PL intensity sequence, it can be
seen that the reduction of PL intensity not only relates to the total

amount of Cl dopants but also Cl doping sites dependent. As illustrated
in Fig. 5, the total Cl doping concentration increases monotonically
along with the agitation rate rise, while the heaviest total Cl doping

Fig. 8. (a) UV-Vis DRS spectroscopy and (b) Tauc plots of samples prepared via solvothermal method with different agitation rates: 0-C3N4, 60-C3N4, 100-C3N4, 400-
C3N4, 750-C3N4, 1100-C3N4 and control group sample C3N4-M-Air.

Fig. 9. The calculated bandgap energy of samples prepared via solvothermal
method with different agitation rates: 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4,
750-C3N4, 1100-C3N4.

Fig. 10. The XPS valence band (VB) spectra of samples prepared via sol-
vothermal method with different agitation rates: 0-C3N4, 60-C3N4, 100-C3N4,
400-C3N4, 750-C3N4, 1100-C3N4. The C3N4-M-Air as a control group is also
presented.
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doesn’t guarantee the lowest PL intensity. To more explicitly unravel
the roles of Cl at different doping sites in the photo-excited electron/
hole separation, time-resolved PL spectroscopy experiments were con-
ducted on the 4 most important samples: 0-C3N4, 60-C3N4, 1100-C3N4
and the benchmark C3N4-M-Air. As shown in Fig. 12(b), the average
carrier lifetime of 0-C3N4, 60-C3N4, 1100-C3N4 and C3N4-M-Air are
0.39, 0.95, 1.15 and 0.86 ns, respectively. It is noted that the 1100-C3N4
with the highest concentration of Clint shows the longest average life-
time of photo-excited carriers. On the contrary, the 0-C3N4 with lowest
Clint doping concentration exhibits the shortest average lifetime of
photo-excited carriers. These results suggest the Clint dopants are
mainly ascribed to the enhanced charge carrier separation by acting as
the bridge for inter-layer charge transfer. The reduced steady-state PL
intensities of solvothermally synthesised samples are attributed to the
facilitated non-radiative recombination. It is also worth mentioning
that the 60-C3N4 still shows longer carrier lifetime than C3N4-M-Air,
which indicates the more efficient suppression of recombination of
charge carriers.

3.5. Photocurrent measurements

Transient photocurrent experiments can elucidate the efficiency of
electron/hole generation and transportation of catalysts under light

irradiation. As shown in Fig. 13, all the g-C3N4 synthesised via the
solvothermal method shows significantly larger transient photocurrent
density than that of control group sample C3N4-M-Air (34.2nA cm−2).
The remarkable enhancement of the transient photocurrent density for
the g-C3N4 synthesised via the solvothermal method can be mainly
explained by the reduced bandgap attributed to Cl dopants (Fig. 8). The
smaller bandgap can induce broader adsorption of incident light and
produce larger photocurrent density. For Cl doped g-C3N4 synthesised

Fig. 11. Band alignment diagram of Cl-doped C3N4 prepared via solvothermal
method with different agitation rates: 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4,
750-C3N4, 1100-C3N4. The C3N4-M-Air synthesised via the conventional
thermal polycondensation in static air is presented for comparison.

Fig. 12. (a) Steady-state photoluminescence (PL) spectra of 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-C3N4 and C3N4-M-Air as control group under
325 nm UV light excitation. The intensity of C3N4-M-Air PL spectrum is multiplied by 0.08 to improve legibility. (b) Time-resolved PL spectra of 0-C3N4, 60-C3N4,
1100-C3N4 and C3N4-M-Air.

Fig. 13. Transient photocurrent responses of 0-C3N4, 60-C3N4, 100-C3N4, 400-
C3N4, 750-C3N4, 1100-C3N4 and C3N4-M-Air as control group under visible light
(λ > 420 nm) on-off irradiation condition.
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via solvothermal method, the transient photocurrent densities under
visible light (λ > 420 nm) irradiation for 0-C3N4, 60-C3N4, 100-C3N4,
400-C3N4, 750 C3N4 and 1100-C3N4 are 72.1, 113.9, 100.2, 96.7 and
94.5nA cm−2, respectively. The 60-C3N4 exhibits the highest transient
photocurrent density suggesting its more robust photocatalytic activity.
It is noticed that the reduced bandgap is not sufficient to explain the
dependence of transient photocurrent density on agitation rate since the
bandgaps are very similar for all these 6 samples (Fig. 11). The higher
photocurrent density can only be attributed to the suppressed electron/
hole recombination and enlarged SSA (Fig. 6 and Fig. 12).

3.6. The photocatalytic activity of RhB degradation

The photocatalytic activities of the Cl-doped g-C3N4 samples were
characterised via the probe reaction, visible-light-driven photocatalytic
RhB degradation, to unravel the effects of Cl doping and agitation on
photocatalytic activity. The control group sample of C3N4-M-Air pre-
pared via conventional thermal polycondensation in static air is also
tested in the identical condition for comparison. Fig. 14(a) presents the
RhB concentration evolution during the photocatalytic reaction. At the
first 25 min, the solution with catalysts was kept in the dark under the
stirring condition to demonstrate the adsorption capabilities of the
samples. The 60-C3N4 and 100-C3N4 show good RhB adsorption ability
that reduce the RhB concentration (C) to 80.0% and 90.5% of the ori-
ginal concentration (C0). The rest samples only reduce C by less than
5%. This result is in consistence with the BET-SSA results characterised
via the N2 sorption experiments (Fig. 6). After 25 min of RhB adsorption
in the dark, the catalysts were further exposed to the visible light
provided by a Xenon lamp with 420 nm cut-off filter. After 125 min of
photocatalytic reaction, the 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-
C3N4, 1100-C3N4 can degrade 82.23%, 99.60%, 98.60%, 98.00%,
97.41%, 94.38% of RhB after adsorption respectively. By comparison,
the C3N4-M-Air only decomposes 16.75% of the RhB after the same
125 min photocatalytic degradation. It can be seen that all the samples
prepared via the solvothermal method show the superior photocatalytic
RhB degradation performance than the C3N4-M-Air. It demonstrates the
advantages of the solvothermal g-C3N4 preparation method. In addi-
tion, the photocatalytic activities of Cl-doped g-C3N4 synthesised via
solvothermal method are largely affected by the agitation condition. To
further compare the photocatalytic RhB degradation performances of
the Cl doped g-C3N4 synthesised via solvothermal method, the corre-
sponding kinetic curves are plotted in Fig. 14(b). All the data can ap-
propriately fit with the pseudo-first-order kinetic model, which is de-
scribed by the following equation:

=C
C

ktln 0
(5)

where the C and C0 are the initial and current concentration of RhB
solution after adsorption in dark, respectively; the k represents the
apparent reaction rate constant; the t is the reaction time. Based on the
linear fitting of the data in Fig. 14(b), the k is determined to be 12.2,
43.4, 33.4, 30.6, 28.9, 22.5 (10−3 min−1) for 0-C3N4, 60-C3N4, 100-
C3N4, 400-C3N4, 750-C3N4, 1100-C3N4, respectively. By comparison,
the C3N4-M-Air shows a much smaller k value of 1.24 (10−3 min−1).
The kinetic parameters derived from fitting are summarised in Table 2.
The 60-C3N4 exhibits the highest photocatalytic RhB degradation per-
formance. To further prove the advantage of prepared Cl-doped g-C3N4
with balanced Clint/Clsub, the optimal 60-C3N4 is compared with the
reported g-C3N4 photocatalysts in recent literature on the RhB photo-
degradation performance (Table 3). It can be seen from Table 3 that the
60-C3N4 not only outperforms the recently reported single-phase het-
eroatom doped g-C3N4 but also shows superior performance to the
state-of-the-art heterostructures constituted by g-C3N4.

3.7. Mechanism underpins photocatalytic activity enhancement

The sequence of photocatalytic activity is in high consistency with
the transient photocurrent density experiments (Fig. 13), which in-
dicates the high photocatalytic activity is derived from the efficient
generation and transportation of charge carriers under light excitation.
Moreover, it can be seen that the photocatalytic activity associates with
the atomic ratio of Clint/Clsub with a negative correlation. As shown in
Fig. 5, the Clint/Clsub values shows a U-shape correlation with agitation
rate. The 60-C3N4 and 100-C3N4 with the lowest Clint/Clsub values (the
bottom of the U-shape curve) show the highest photocatalytic activity.
On the contrary, the 0-C3N4 and 1100-C3N4 with the highest Clint/Clsub
values (the two ends of the U-shape curve) exhibit the lowest photo-
catalytic activity. The atomic ratio of Clint/Clsub is emphasised as a
descriptor here, because Clint and Clsub function differently or even
oppositely on influencing the properties of g-C3N4. The enhanced
photocatalytic activity can be attributed to 3 reasons: (i) enlarged SSA
(Fig. 6), (ii) higher oxidation capability brought by the positively

Fig. 14. (a) The photocatalytic RhB degradation performance under visible light irradiation (λ ≥ 420 nm) and (b) the corresponding pseudo-first-order kinetics plot
of 0-C3N4, 60-C3N4, 100-C3N4, 400-C3N4, 750-C3N4, 1100-C3N4 and control group sample C3N4-M-Air.

Table 2
The summary of photocatalytic RhB degradation performance under visible
light (λ ≥ 420 nm).

Photocatalyst Rate constant k (min−1) (10−3) R2 SSA (m2 g−1)

C3N4-M-Air 1.24 0.9381 14.9
0-C3N4 12.2 0.9847 12.3
60-C3N4 43.4 0.9976 82.7
100-C3N4 33.4 0.9983 64.7
400-C3N4 30.6 0.9929 43.0
750-C3N4 28.9 0.9955 37.8
1100-C3N4 22.5 0.9983 16.3
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shifted VBM (Fig. 11) and (iii) suppressed photo-excited electron-hole
recombination (Fig. 12). As a summary of the previous sections, Clint
results in the smaller SSA, lower oxidation capability but suppressed
electron-hole recombination; in contrast, the Clsub corresponds to the
larger SSA, higher oxidation capability, while shows insignificant ef-
fects on recombination. The different roles of Clint and Clsub rationalise
the importance of balancing the Clint and Clsub doping in optimising the
photocatalytic pollutants degradation performance of g-C3N4.

3.8. Recycling tests

The stability of the prepared catalysts is an important criterion for
performance evaluation. The optimal 60-C3N4 catalyst was chosen to
perform the recycling experiments. The fresh 60-C3N4 was firstly con-
ducted a photocatalytic RhB degradation and recycled from the solution
via centrifuging. After rinsing with DI-water for 10 times and drying
under vacuum, the recycled 60-C3N4 was used to conduct another
photocatalytic RhB degradation experiment following the same proce-
dure. The photocatalytic RhB degradation performances of the 5 re-
cycling experiments are presented in Fig. 15. It can be seen that the 60-
C3N4 shows no apparent deactivation after 5 successive photocatalytic
degradations. The RhB can be completely photocatalytically degraded
within 125 min in all 5 recycling runs. The morphologies of 60-C3N4
before and after the 5-round recycling experiment were characterised
with SEM; the corresponding images are shown in Figure S1 in the
supporting information. It can be seen that the morphology and crystal
size are not changed after the stability test. These results indicate that
the Cl doped g-C3N4 synthesised via the solvothermal method exhibit
good stability in working condition.

4. Conclusion

In this work, Cl doped g-C3N4 is synthesised for the first time via an
agitation-assisted solvothermal method and the atomic ratio of Clint/
Clsub dopants is controlled by the agitation rate. The significantly im-
proved RhB photodegradation performance of Cl doped g-C3N4 is at-
tributed to the larger SSA, stronger photo-oxidation capability and
suppressed electron/hole recombination. A U-shape relation is found
between agitation rate and molecular/electronic structure of prepared
g-C3N4. The mechanism underpins this phenomenon is that the Clsub
and Clint function differently and even oppositely on influencing the
molecular/electronic structure of g-C3N4, which determines the pho-
tocatalytic activity. To be specific, the Clint dopants between the g-C3N4
layers can prolong the lifetime of the charge carriers but result in the
smaller SSA and lower photo-oxidation capability. By contrast, the in-
plane Clsub dopants can enhance the photo-oxidation capability, while
only exhibit insignificant influence on charge separation efficiency. The
optimal photocatalytic dye-degradation performance can only beTa
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Fig. 15. Photocatalytic degradation of RhB performances for recycled 60-C3N4
under visible light irradiation (λ > 420 nm).
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achieved by balancing the Clint/Clsub ratios and synthesising under a
moderate agitation rate.
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