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Abstract 

Visible-light-responsive photocatalysts, bismuth-based and g-C3N4-based heterojunction 

composites, have attracted numerous attention in photocatalytic degradation of pollutants and 

solar energy conversion. Designing various novel heterojunction nanocomposites has 

demonstrated enhanced photocatalytic activity by inhibiting the recombination rate of photo-

generated charge carriers and reducing the over-potential for photoreduction or photooxidation 

reactions. Convincingly, p-n heterojunction of BiFeO3@TiO2 with a core-shell structure 

exhibited much higher photocatalytic oxidation towards different dyes under visible light 

irradiation. Bismuth-based hybrids such as BiOI/BiOCl have displayed superb photocatalytic 

activity for the degradation of various industrial dyes under natural sunlight irradiations, 

demonstrating high significance for the remediation of industrial wastewater. Additionally, it 

also exhibited an excellent photo-oxidation ability with enhanced O2 evolution from water. In-

situ electron paramagnetic resonance (EPR) testing shows that the photodegradation was 

ascribed to the superoxide radicals, oxidative holes, and minor amount of hydroxyl radicals. 

Apart from the bismuth-based heterogeneous coupling compounds, Metal sulfides 

(phosphides)/g-C3N4 composite heterostructures such as MoS2/g-C3N4 and CoP/g-C3N4 have 

demonstrated enhanced photocatalytic and electrocatalytic hydrogen evolution peformances 

for water splitting. MoS2 or CoP can serve as an electron acceptor as well as the active sites on 

the surface of g-C3N4, leading to the formation of an intimate contact interface with a decreased 

onset potential, lower charge-transfer resistance and higher reductive potential. Different 

morphologies of 0D/2D/3D MoS2 were systematically studied for depositing on g-C3N4 nanosheets, 

showing variance in photocatalytic H2 activity. The 3D/2D hybrid of MoS2/g-C3N4 presents better 

photocatalytic performance than its 0D/2D and 2D/2D analogues, owing to its unique flower-

like nanostructure of MoS2 with exposure of more active edge planes and shortened diffusion 

channels for charge transfer and separation. Finally, the unique heterojunction of CoP/g-C3N4 

exhibits superior photocatalytic, electrocatalytic H2 evolution performances, 

photoelectrochemical response as well as excellent overall water splitting activity. For the first 

time, CoP-based photocatalysts as effective photo, electro and photochemical HER catalysts 

with evident enhancement have been investigated simultaneously. The findings would 

significantly contribute to photocatalytic applications of bismuth-based and g-C3N4-based 

nanocomposites for artificial photosynthesis and environmental remediation. 
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Chapter 1. Introduction 

 
1.1 Background   

Recently, with the deterioration of the whole environment, most countries in the world are 

facing a series of environmental problems, especially the water resources that human beings 

depend on. High-concentrated refractory toxic organic pollutants discharged from a large 

number of industrial and mining processes, for example, in power generation, paper making, 

printing and dyeing, and metallurgical industries, have become an important part of wastewater, 

which has already posed a major threat on human health. Traditional treatment technologies 

towards these refractory toxic waste water include adsorption, flocculation, sedimentation, 

filtration, gas stripping, etc, all of which simply separate or concentrate the contaminants, or 

just transfer the contaminants from one phase to another, leading to a secondary pollution 

inevitably. In the past decades, research on pollutant control has gradually been shifted to 

advanced oxidation processes (AOPs) by chemical degradation. AOPs can be divided into wet 

air (catalytic) oxidation, supercritical water (catalytic) oxidation, photocatalytic oxidation, and 

general (catalytic) oxidation based on the difference of the generation approach for radicals as 

well as the reaction conditions. Among them, photocatalytic oxidation stands out to be an 

attractive technology for utilization of sunlight as an energy source, which solves the critical 

problems for both environmental purification and energy crisis simultaneously. Since the 

semiconductor photocatalytic oxidation reaction system can convert the absorbed solar energy 

into chemical energy, many reactions that are difficult to be realized under normal conditions 

can be carried out smoothly under relatively mild conditions. In the presence of a photocatalyst, 

sunlight and air can directly decompose many organic pollutants into some small inorganic 

molecules (CO2 and H2O), removing hazardous materials without causing secondary pollution. 

In 1972, Fujishima and Honda discovered that H2 and O2 can be released via a TiO2-based 

photoelectrochemical water splitting cell [1]. Since then, TiO2 has become one of the most 

popular green photocatalysts. In addition to its application in water and air purification, recent 

research on TiO2 has also made some progress in sterilization, water splitting, nitrogen fixation 

and CO2 reduction. Various organic pollutants could achieve mineralization unselectively by 

virtue of TiO2[1-5].  

However, distinct defects have been found on traditional TiO2-based photocatalysts. The 

quantum efficiency is relatively low due to fast recombination of photo-generated electrons 
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and holes, unfavorable visible light utilization, and rapid deactivation. The solar energy 

utilization efficiency is particularly low due to the wide energy band structure of the titanium 

dioxide semiconductor (Eg=3.2 eV), denoting its limitation to absorb ultraviolet light only or 

ultraviolet light in sunlight (the ultraviolet radiation in sunlight only accounts for 5%). All these 

seriously restrict the large-scale application of TiO2-based photocatalysts in aspects of 

environmental purification and solar energy conversion. Therefore, development of novel 

photocatalysts with higher quantum efficiency and broader photo-response range has become 

challenging topics in the environmental photocatalytic field. 

Recently, much attention have been focused on the study of bismuth-based visible light 

photocatalysts such as BiFeO3 [6], BiVO4 [7], Bi2O3 [8], Bi2MoO6 [9], BiOX [10] and Bi2WO6 

[11] etc., with high activity for environmental pollutants degradation as well as water splitting. 

Bismuth-based complex oxides, BiOX (X = Cl, Br, I) and BiFeO3 have exhibited remarkable 

photocatalytic performances owing to their specific crystal and electronic structures as well as 

unique physicochemical attributes [6, 10]. In addition, numerous efforts have been attached to 

the 2D (two-dimensional) materials with a layered structure, such as graphene and graphitic-

like carbon nitride, due to their optimal chemical and physical properties. Specifically, metal-

free semiconductor as graphitic carbon nitride (g-C3N4) has been extensively studied owing to 

its layered structure, reasonable electronic structure, feasible synthesis with earth-abundant 

precursors, thermal stability and bio-compatibility, and has shown paramount application 

potentials in photocatalysis [12-14]. Therefore, two typical types of visible-light-responsive 

bismuth-based and g-C3N4-based photocatalysts were chosen for a systematic study in both 

artificial photosynthesis and environmental remediation. In the typical process, the photo-

generated electrons/holes will migrate to the surface of the photocatalysts to participate in 

desired electrochemical (redox) processes. Pure g-C3N4, for example, can absorb visible light 

with a narrow band gap and suitable electronic band levels but is of a low quantum efficiency 

because of the high recombination rate of photo-excited charge carriers. To promote a higher 

photocatalytic efficiency for practical application, various modification strategies have been 

developed to optimize the photoelectrical structures of g-C3N4, including selection of various 

synthesis precursors [15,16], preparation of porous g-C3N4 [17,18], metal or non-metal doping 

as well as heterojunction nanocomposites designing [19-20]. Among these, heterogeneous 

coupling and surface engineering with co-catalysts has been proven to be a prominent and 

practical route for enhancement of photocatalytic activity. 
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1.2 Research objectives 

This study focuses on the development of novel and robust heterojunction nanocomposites 

as photocatalysts to remove pollutants from wastewater, and to generate clean and renewable 

solar fuels from water splitting. Meanwhile, this study also aims at providing insights into the 

intrinsic mechanisms of enhanced photocatalytic performance integrating deliberate materials 

design and comprehensive analytic techniques concerning photochemical, electrochemical and 

photoeletrochemical properties. The detailed research objectives of this study are listed as 

follows.  

 

1.  Designing novel g-C3N4-based and bismuth-based heterostructures with simple and facile 

physical/chemical strategies. 

2.  Employing the fabricated nanocomposites for photocatalytic degradation of organic 

contaminants such as dyes under visible light irradiations. 

3.  Unveiling the intrinsic active sites and charge transfer scheme of the photocatalytic reaction 

processes for dyes degradation and water reduction.  

4.  Carrying out photocatalytic and electrocatalytic water splitting for evolution of H2 /O2 with 

featured semiconductor heterostructures. 

5.  Elucidating the mechanism for the photo-reactivity enhancement as well as the photo-

stability of the heterojunction composites. 

 

1.3 Thesis outline 

This thesis includes eight chapters: introduction (this chapter), literature review (Chapter 2), 

results and discussions (Chapter3-7), conclusions and perspectives (Chapter 8).  

 

Chapter 1 ― Introduction ― briefly introduces the research background related to 

environmental issues and energy crisis. The research objectives and structural organization of 

this dissertation are illustrated. 

 

Chapter 2 ― Literature review ― focuses on the recent literature survey of water splitting for 

hydrogen generation and water treatment techniques with semiconductor-based 

heterojunctions as the photocatalysts. 
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Chapter 3 ― Preparation of p-n Heterojunction of BiFeO3@TiO2 with a Core-Shell Structure 

for Visible Light Photocatalytic Degradation（Adapted from Chinese Journal of Catalysis. 

2017, 38: 1052–1062 and reuse permission has been obtained）― highlights the design of p-

n heterojunction BiFeO3@TiO2 with a core-shell structure showing extremely high 

photocatalytic degradation performance of various dyes in wastewater treatment under visible 

light irradiations.  

 

Chapter 4 ― Three-Dimensional BiOI/BiOX (X = Cl or Br) Nanohybrids for Enhanced 

Visible-Light Photocatalytic Activity（Adapted from Nanomaterials. 2017, 7: 64 and reuse 

permission has been obtained）― unravels the synthesis and characterization of flower-like 

BiOI/BiOX (X = Br or l) hybrids with a unique three dimensional (3D) architecture. After 

evaluation under visible light illumination, BiOI/BiOCl was demonstrated to be with superior 

photocatalytic activity for both water oxidation and dyes degradation. 

 

Chapter 5 ― 0D (MoS2)/2D (g-C3N4) Heterojunctions in Z-Scheme for Enhanced 

Photocatalytic and Electrochemical Hydrogen Evolution（Adapted from Applied Catalysis B:  

Environmental. 2018, 228: 64-74 and reuse permission has been obtained）― reports the 

preparation of MoS2 quantum dots (MSQDs) with high water dispersity. The MSQDs were 

employed to decorate graphitic carbon nitride (g-C3N4, CN) nanosheets to obtain 0D 

(MoS2)/2D (g-C3N4) heterojunctions, exhibiting enhanced photocatalytic and electrocatalytic 

hydrogen evolution performance. Also, a direct Z-scheme charge transfer mechanism of the 

MSQD-CN hybrid was proposed for the enhancement. 

 

Chapter 6 ― Flower-Like MoS2 on Graphitic Carbon Nitride for Enhanced Photocatalytic and 

Electrochemical Hydrogen Evolutions（Adapted from Applied Catalysis B:  Environmental. 

2018, 239: 334-344 and reuse permission has been obtained）― introduces a facile strategy 

to construct three-dimensional (3D)/two-dimensional (2D) nanojunctions for a drastically 

enhanced activity in both photocatalytic and electrochemical hydrogen generation for water 

reduction. 

 

Chapter 7 ― Graphitic Carbon Nitride Decorated with CoP Nanocrystals for Enhanced Photo, 

Electro and Photoelectrochemical H2 Evolution ― investigates the effect of CoP as an 

effective cocatalyst both in photocatalytic and electrocatalytic hydrogen evolution with high 
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photoelectrochemical activity. The mechanism responsible for the enhancement was further 

elaborated. 

 

Chapter 8 ― Conclusions and perspectives ― summarizes the main research outputs in this 

thesis and proposes perspectives for further study in photocatalytic aspects. 
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Chapter 2. Literature Review 

2.1 Environmental remediation and energy crisis 

In the past decades, human society has had an unfailing and greedy appetite towards fossil 

fuels due to the rapid growth of human population and economic development. Increasing 

consumption of fossil fuels has led to series of global challenges including deteriorating 

environmental situation as well as energy crisis, constituting two most critical problems facing 

humanity today. In particular, incessant depletion of fossil fuels will definitely contribute to 

the accumulation of CO2 concentration in the atmosphere, causing urgent greenhouse effects 

globally [1]. Fortunately, we have the potential to reduce the CO2 emission from fossil fuels 

combustion by either using clean energy, for instance, hydrogen, or converting them into 

renewable, carbon-neutral energy sources. As a hot research topic, photocatalysis provides a 

feasible route to help solve these two critical issues. 

 

2.2 Solar energy conversion process 

Among various renewable energy sources, solar energy stands out to be the largest 

sustainable natural resource which could serve our future energy demands and replace fossil 

fuels potentially. Photocatalytic technology turns out to be one promising strategy, which takes 

advantage of the abundant and sustainable solar energy with efficient utilization and conversion 

[2]. This strategy involves so-called artificial photosynthesis and can be implemented via 

photocatalytic processes. Solar energy, as an inexhaustible and environmentally friendly 

energy source, could solve aforementioned problems [3-5]. So far, it has been widely used for 

conversion into electric energy via solar cells [6], water splitting into hydrogen and oxygen [7-

9], reducing CO2 into organic fuels and water reduction into hydrogen [10-13], as well as 

organic pollutants removal [14-17].  

2.2.1 Solar cell 

As an inexhaustible energy resource, solar energy can be harnessed and converted into 

electric energy via utilization of photovoltaic cells. Currently, most of the available commercial 

solar cells are well-known silicon solar cells and thin film solar cells, which use high-cost and 

energy-consuming materials [18-19]. Over the last decade, dye sensitized solar cells (DSSC) 

have been demonstrated as the more effective solar cells which exhibit greater potentials with 

higher conversion efficiencies and lower costs, compared to previous generations [20]. The 
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schematic mechanism for DSSC is well illustrated in Figure 2.1. When photoexcited, many 

dyes have the ability to inject electrons into the conduction band of a semiconductor such as 

TiO2, which is deposited onto a FTO glass substrate. The electrons will diffuse to the 

conductive substrate and then flow into the external circuit. Thus the dye in the oxidized state 

is reductively regenerated by the reduced electrolyte (I-); while the oxidized electrolyte (I3
-) is 

reduced after receiving the electrons at the counter electrode (usually FTO glass coated with 

Pt), thereby a cycle is completed. The electricity is produced during the combination between 

the electrons and holes through an external circuit. 

 

Figure 2.1. Schematic representation of the dye-sensitized solar cell [21]. Reproduced with permission of 

the American Chemical Society. 

 

2.2.2 Photocatalytic reduction of CO2 

Early in 1979, Inoue et al. [22] discovered that CO2 could be converted to hydrocarbon fuels 

such as methane, methanol etc. by virtue of photocatalytic reduction process in the 

semiconductor aqueous suspension. Ever since that, the mechanism and efficiency of 

photocatalytic CO2 reduction based on various semiconductors have been explored broadly. 

Very recently, research focus has been centred around development of novel, high-efficient 

and photo-stable catalysts with widespread visible light response. For instance, Liu et al. [23] 

found that in the presence of water vapor, Zn2GeO4 of ultrathin and ultra-long nanoribbons 

could drastically promote the photocatalytic CO2 reduction efficiency to produce methanol. 
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Graphitic carbon nitride (g-C3N4), showing up as a recent shining star of organic and metal-

free photocatalysts, was proven to exhibit high potential application in versatile solar energy 

conversion processes, including photocatalytic H2 evolution from water splitting, 

photocatalytic degradation of organic pollutants as well as photocatalytic CO2 reduction [24]. 

Figure 2.2 presents a possible mechanism for photocatalytic CO2 reduction process. The photo-

excited charge carriers upon visible light illumination will be transferred and separated on the 

surfaces of g-C3N4. Specifically, OH-/H2O will combine with scavenging holes to release O2, 

while the generated H. from H2O could react with those carbon species to form HCO3
- (or 

CO3
2-), which will further capture the electrons to produce CO2

.-, and finally generate CH3OH 

after a series of reactions [25]. The in-depth mechanism concerning selective reaction and 

products still needs further study.  

Figure 2.2. Possible photocatalytic mechanism for CO2 reduction with g-C3N4 [25]. Acknowledgement to 

Royal Society of Chemistry. 

 

2.2.3 Photocatalytic degradation of pollutants 

Photocatalysis over semiconductors has always maintained as one of the most attractive 

research topics worldwide in recent years. The research on the basis and application of 

photocatalytic oxidation technology to solve the increasingly deteriorated environmental 

pollution is being advanced rapidly [26]. A large number of research reports indicate that 

various organic pollutants including aliphatic hydrocarbons, esters, nitrogen-containing 

organic compounds, surfactants, insecticides and herbicides, etc. in water can be decomposed 

via photocatalytic oxidation, achieving complete mineralization. Some organic substances such 

as chloroform, carbon tetrachloride, hexachlorocyclohexane and pentachlorophenol, which 

could not be oxidized by ozone, can still be effectively photolyzed and removed by 

photocatalysis [27]. As a metal-free and stable visible-light responsive photocatalyst, g-C3N4 

has gathered incessant attention with prominent applications in both gas and liquid phase 
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degradation of environmental pollutants. Recent researches convince that g-C3N4 exhibits high 

visible light photocatalytic activity in removing of nitric oxide or acetaldehyde, which are 

typical air pollutants and often detected in automobile exhausts [28, 29]. Application of g-

C3N4-based photocatalysts in liquid phase is a major focus with numerous studies targeting the 

removal of organic contaminants from water environment such as various dye molecules [30, 

31]. As such, the schematic illustration of pollutants degradation mechanism over g-C3N4 is 

depicted in Figure 2.3. Under light illumination with energy higher than its band-gap, photo-

generated holes and electrons will get involved in several redox reactions on the surface of the 

catalyst and produce various highly reactive free radicals, which could play a key role in 

promoting the mineralization of organic compounds. As a reactive species, .OH can lead to the 

oxidation of substances and serve as the main oxidant in heterogeneous photocatalysis except 

for the holes. Served as the photoelectron trapping agent, O2 is mainly adsorbed on the surface 

of the photocatalyst and inhibits the recombination of electron-holes. Meanwhile, it could 

contribute to the production of superoxide anion radical .O2
-, which becomes another source 

of .OH via protonation reactions. 

Figure 2.3. Photocatalytic degradation mechanism of pollutants over pristine g-C3N4 [26]. Reproduced with 

permission of the American Chemical Society. 

 

2.2.4 Photocatalytic water splitting 

As a promising and ideal alternative energy to fossil fuels, H2 presents the highest energy 

density as 140 MJ. kg-1 as a chemical fuel [32]. Hydrogen evolution from water via 

photocatalytic or electrocatalytic process has been widely studied during recent years. 

Achieving overall water splitting process for generation of H2 and O2 simultaneously is always 

challenging, although numerous efforts have been put in related research focusing on the 

development of highly functional photocatalysts and co-catalysts [33-35]. In general, 

photocatalysts should have a band structure with a suitable band gap energy to be excited by 
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sunlight. As shown in Figure 2.3, when the energy of incident light is larger than that of the 

band gap, electrons and holes are generated in the conduction and valence bands, respectively. 

The photogenerated electrons and holes cause redox reactions similar to electrolysis. Water 

molecules are reduced by the electrons to form H2 and also oxidized by the holes to form O2 

for overall water splitting. The basic theoretic requirements for efficient photocatalysts are that 

they should have both suitable band gap energy and levels of the conduction and valence bands. 

In detail, the band gap of the semiconductor should be narrow enough to absorb more photons 

from sunlight to generate electron and hole pairs. The bottom level of the conduction band has 

to be more negative than the redox potential of H+/H2 (0 V vs. NHE), while the top level of the 

valence band should be more positive than the redox potential of O2/H2O (1.23 V). As shown 

in Figure 2.4 [36], it is harsh for common semiconductors like TiO2 and g-C3N4 to meet all 

those requirements. In addition, effective charge separation and fast charge transportation are 

also needed to migrate the photo-generated carriers to corresponding surface reactive sites. 

Practically, most of the well reported photocatalysts with high activity for water splitting 

include the functional design of the co-catalysts to engineer and promote the evolution of O2 

and H2 from water. Sometimes, dual cooperative co-catalysts can not only promote surface 

catalytic kinetics for evolution of H2 and O2 separately, but also accelerate charge separation 

and migration more efficiently. The detailed mechanism was well illustrated in Figure.2.5 [37]. 

 

 
Figure 2.4. Schematic band structure for typical photocatalyst of TiO2 and g-C3N4 with redox potentials 

for photoreduction and photooxidation [36]. Reproduced with permission of the American Chemical 

Society 
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. 

Figure 2.5. Schematic mechanism of photocatalytic water splitting over a semiconductor photocatalyst 

loaded with both O2- and H2-evolution co-catalysts [37]. Acknowledgement to Royal Society of Chemistry. 

 

2.3 Hydrogen evolution process 

2.3.1 Electrocatalytic hydrogen evolution reaction  

With the advancing on the development and utilization of hydrogen energy, electrolyzed water 

technology has also been rapidly and widely explored. Compared with novel techniques, such 

as hydrogen production from fossil fuels via catalytic thermal decomposition or from biomass 

and solar energy, hydrogen production from electrolyzed water is relatively mature with a long 

history and applied up to date (Figure 2.6). In addition, the consumed electrical energy can be 

generated from renewable energy resources such as wind, hydraulic and nuclear energy, and 

will definitely take the lead in the near future, which will definitely help alleviate the 

increasingly serious energy crisis [38-39]. However, the widespread application in practice is  

 

 

 

 

 

 

 

 

 

 

Figure 2.6. Feasible pathways for hydrogen evolution from renewable energy [44]. Reproduced with 

permission of the science publishing group. 
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drastically constrained due to the relatively high cost. Continuous efforts on construction and 

improvement of low-cost and high efficient noble metal-free electrocatalysts with earth-

abundant elements to replace Pt-based materials have been made and achieved appealing cost-

competitive hydrogen over the past decades [40-43].  

Therefore, reducing the consumption of electrical energy, lowering the over-potential of the 

cathode materials and enhancing the overall efficiency of hydrogen evolution have become the 

research trends and always pose challenges continuously. Development of novel cathode 

materials and catalysts with high catalytic activity has also become the hot research topics on 

hydrogen production from electrolyzed water. 

 

 
Figure 2.7. Schematic diagram of electrocatalytic water splitting process [45]. Acknowledgement to Royal 

Society of Chemistry. 

 

Figure 2.7 illustrates a basic process of electrocatalytic water splitting for release of H2 and O2. 

The anode is loaded with a material with excellent oxygen evolution activity, while a hydrogen 

evolution catalyst will be coated on the surface of the cathode. Once external voltage was 

employed to both the electrodes, decomposition of H2O will proceed to produce H2 and O2 

with lots of bubbles observed on the surface of the electrodes. The released hydrogen will be 

stored for fuel cells. Thus, the electrocatalytic water splitting process is composed of two half 

reactions: oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). In the 

hydrogen evolution reaction, it is generally believed that hydrogen atoms on the surface of the 

electrode are formed initially, followed by desorption from the electrode and convert into 

hydrogen molecules. The adsorption force between hydrogen atoms and the electrode is the 

main force existed between the particles and the electrode. Three possible steps are proposed 
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for the HER process in acidic media, known as the Volmer, the Heyrovsky and the Tafel steps, 

respectively [46].  

             Volmer reaction            𝐻3𝑂+ + 𝑒− → 𝐻𝑎𝑑𝑠 +  𝐻2𝑂    (1) 

 

                   Heyrovsky reaction    𝐻𝑎𝑑𝑠 + 𝐻3𝑂+ + 𝑒− →  𝐻2 + 𝐻2𝑂  (2)  

 

        Tafel reaction               𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠 →  𝐻2   (3) 

 

To evaluate the catalytic performance of a HER catalyst, several parameters are put forward 

for comprehensive measurement and comparison, including Tafel plots, onset potential, total 

electrode activity and stability, etc. So far, noble metal-free HER catalysts such as metal 

sulfides [47- 48], phosphides [49-50], carbides [51], nitrides [52-53], selenides [45] and metal-

free catalysts [54-55] have attracted enormous attention for their low-cost and remarkable 

performance. The strategies for HER activity improvement, the design and structure 

engineering of the materials as well as the relationship construction between them have been 

systematically studied. Among them, nanoscaled MoS2 has been demonstrated to be a 

potentially applicable HER catalyst by numerous studies in a long term. Liu’s group has 

reported monolayer MoS2 quantum dots with an average size about 3.6 nm, which exhibits a 

high HER performance with a low over-potential at 160 mV as well as a small Tafel slope of 

59 mV.dec-1 [56].    

 

2.3.2 Photocatalytic hydrogen evolution reaction  

Except for the hydrogen evolution via electrocatalytic water splitting, another route utilizing 

solar energy conversion to produce hydrogen is also a promising technique, which draws 

enormous attention recently. The approach of photocatalytic overall water splitting with 

semiconductor photocatalysts is potentially economical and scalable to directly convert 

abundant solar energy to hydrogen fuels for storage. However, this process is a non-

spontaneous uphill reaction which requires a large amount of extra energy to drive (237 kJ/mol 

under standard conditions) [57]. Looking into the water reduction half reaction with sacrificial 

hydrogen evolution, specific electron donors are adopted as sacrificial agents to speed up the 

oxidation process with photo-generated holes in the system. As illustrated in Figure 2.8, most 

of the electron donors (TEOA or methanol) will be easily oxidized by holes since their 

oxidation potential is lower than that of water, leaving abundant electrons for water reduction 

reaction. Thus, the photocatalytic H2 evolution efficiency would be enhanced drastically. The 

semiconductor itself usually acts as a photon absorber to be excited to generate hole-electron 
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pairs. Under most circumstances, a cocatalyst is preferred to lower the overpotential for H2 

evolution reactions and often acts as the surface active sites over the semiconductor. 

Meanwhile, cocatalysts could form certain heterojunction interface with the semiconductor 

photocatalyst and facilitate the faster separation and transportation of electron-hole pairs. 

Finally, electrons will be trapped by protons adsorbed at the interface for reduction into H2. To 

be a reasonable semiconductor photocatalyst, it should meet the following two criteria: a 

suitable band gap to harvest photons from solar energy as well as a much more negative 

conduction band bottom compared to the reduction potentials of water.  

Graphitic carbon nitride is considered to be an ideal photocatalyst for hydrogen evolution 

with a narrow band gap responsive to visible light [58-60]. Recently, Wang’s group indicated 

that a crystalline tri-s-triazine-based graphitic carbon nitride showed an extremely high 

photocatalytic H2 evolution performance with the apparent quantum yield (AQY) reaching 50.7% 

at irradiation light wavelength of 405 nm [61]. As for cocatalysts, Pt has always been proven 

to be the most effective cocatalyts for photocatalytic H2 evolution among all the noble metals. 

However, recent research has been focused on the development of numerous non-noble metal 

or non-metal based cocatalysts due to the high-cost and scarcity of the noble metals. The 

pioneering work was firstly reported by Li’s group in 2008 [62]. As a non-noble metal 

cocatalyst, 0.2 wt% MoS2 was loaded on CdS semiconductor, leading to the enhancement of 

photocatalytic activity by up to 36 times. For the same amount of cocatalyst loading at 0.2 wt%, 

the rate of H2 evolution on MoS2/CdS is even higher than that on Pt/CdS, as shown in Figure 

2.9. 

Figure 2.8. Schematic diagram of photocatalytic hydrogen evolution with TEOA as a sacrificial agent driven 

by a semiconductor photocatalyst modified by a cocatalyst [57]. Acknowledgement to Royal Society of 

Chemistry. 
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Figure 2.9. The rate of photocatalytic H2 evolution over CdS loaded with different cocatalysts at 0.2 wt% 

[62]. Reproduced with permission of the American Chemical Society. 

 

Figure 2.10. Schematic diagram of a PEC cell [63]. Reproduced with permission from Elsevier. 

 
2.3.3 Photoelectrochemical hydrogen evolution reaction 

Photoelectrochemical (PEC) water splitting can be regarded as an integration process of 

photons harvesting and electrocatalytic water splitting, which is quite appealing but also very 

challenging. Dating back to 1972, Fujishima and Honda first discovered that H2O can be 

decomposed into H2 and O2 with photon-induced water splitting process on TiO2 electrode with 

no external voltage provided [64]. A basic PEC cell is illustrated in Figure 2.10. Usually an n-

type semiconductor like TiO2 is adopted as a photoanode to absorb light energy. The photo-

induced holes and electrons will then be separated towards different directions. The holes will 

remain on the surface of the photoanode and then get involved in oxidation of H2O to O2, while 

the electrons will be transferred through the external circuit to the counter electrode (usually 

Pt) for water reduction to H2.  

The detailed reaction process includes the following three steps: 

𝑇𝑖𝑂2 + ℎ𝜈 →  ℎ+ + 𝑒−           (2.1) 

                                   𝐻2𝑂 + 2ℎ+  →
1

2
𝑂2 + 2𝐻+    (2.2) 
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                                  2𝐻+ + 2𝑒− → 𝐻2               (2.3) 

Thus, the overall PEC water splitting reaction could be summarized as follows: 

                               𝐻2𝑂 + 2 ℎ𝜈 →
1

2
𝑂2 +  𝐻2          (2.4) 

As for the PEC water splitting process to produce hydrogen, the key component is also the 

structure/composition and electronic properties of the photoelectrodes (photoanode and 

photocathode). Specifically for a working electrode, it is supposed to be a light harvesting 

material with high HER activity to gain excellent PEC hydrogen evolution performance. 

Recently, Chen’s group [65] reported a novel MoS2/S-doped g-C3N4 heterojunction film 

showing enhanced visible-light PEC activity for H2 evolution. In detail, S-doped g-C3N4 film 

was coated on indium−tin oxide (ITO) glass substrates by a CVD approach, then a visible-light 

response MoS2 layer was further deposited via a hydrothermal process. The as-synthesized 

heterojunction film stably reached a high anodic photocurrent as ~1.2× 10−4 A/cm2 under 

visible light illumination (XE4030 Xe lamp, 150 W, UV cut-filter with λ >420 nm, light 

intensity at ~100 mW/cm2) at the bias potential of +0.5 V versus Ag/AgCl, which is an ideal 

candidate as photoanodes for PEC cells. The enhancement of the PEC performance could be 

attributed to the increased light absorption capability as well as the facilitated separation of 

charge carriers due to the formation of the p-n heterojunction between MoS2 and S-doped g-

C3N4. Lianos’s group adopted nanocrystalline BiVO4 obtained via a simple wet chemistry 

approach as the photoanode for PEC hydrogen generation from water splitting. The maximum 

rate of hydrogen generation reaches 0.15 mmol/h with electric bias at 1.4 V vs Ag/AgCl and 

chemical bias of 0.37 V with 0.5 M aqueous NaHCO3 [66]. Additionally, Incident Photon-to-

Current Efficiency (IPCE) and applied bias photon-to-current efficiency (ABPE) are two 

important parameters to characterize the efficiency of a PEC cell [67-68]. 

 

2.4 g-C3N4-based heterojunction photocatalysts 

2.4.1 Pristine g-C3N4 

The discovery of C3N4 could be dated back to very early days in 1834 [69], when Liebig and 

Berzelius synthesized some polymer derivative materials of carbon nitride and named as 

“melon”. Until recently in the 1990s, the research interest on melon-based β-C3N4 has been 

raised up because of its extremely high bulk hardness and thermal stability. Among the five 

types of C3N4, graphitic carbon nitride (g-C3N4) owns the most stable graphite-like sheet 
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structure. The unique semiconductor structure with loose layers makes it a potential catalyst in 

photocatalysis field.  

Figure 2.11. Illustration of synthesis routes to graphitic carbon nitride from various precursors. The blue, 

black, red, yellow and white balls represent N, C, O, S and H atoms, accordingly [26]. Reproduced with 

permission of the American Chemical Society. 

As a popular organic and metal-free photocatalysts, graphitic carbon nitride (g-C3N4) has 

been proven to exhibit high potential application in versatile solar energy conversion processes. 

Wang et al. [24] pioneeringly discovered that, polymeric graphitic carbon nitride (g-C3N4) 

synthesized from cyanamide manifested outstanding photocatalytic activity for H2 evolution 

under visible-light irradiation. Afterwards, numerous researchers shift interests to fabrication 

of g-C3N4 via adopting various nitrogen-rich organic precursors. Among all those common 

precursors such as cyanamide, urea stands out to be the most economic approach to achieve 

visible-light-driven photocatalysts with excellent performance. Perseverant efforts have been 

made to fabricate g-C3N4 via thermal treatment of different nitrogen-rich precursors, which is 

summarized in Figure 2.11. The photo-activity of graphitic carbon nitride is closely related to 

its physicochemical stability as well as electronic band structure, which is intrinsically 

dependent on the condensation degree and unique structure of its heptazine ring. As is shown 

in Figure 2.4, g-C3N4 possesses a theoretical band gap energy of 2.7 eV, with N elements 

contributing to its valance band at +1.4 eV and C elements mainly support the conduction band 

at -1.3 eV. Accordingly, the nitrogen atoms would serve as the preferred oxidation sites for 

H2O to release O2, while the carbon atoms would be the reduction sites for H2 evolution within 

the Melem matrix [70]. Therefore, by selecting appropriate precursor types and reaction 

conditions for thermal polymerization, an ideal nanostructure of g-C3N4 could be achieved with 

a perfect C/N ratio, high porosity, large specific surface area, thin nanosheets and reasonable 

band structure [71]. To the best of our knowledge, the relatively low crystalline g-C3N4 with 
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structural defects due to incomplete condensation by evidence of a lower molar ratio of C/N 

than ideal value of 0.75 indicates a higher photocatalytic activity with defects as more active 

sites than bulk materials [72]. The comparison for the morphology difference of g-C3N4 using 

urea and melamine was manifested clearly in Figure 2.12. Relative to adopting melamine as a 

precursor, g-C3N4 derived from urea exhibits thinner and smaller flat sheets with wrinkles 

showing a high porosity, which contributes to higher photoactivity for both CO2 reduction and 

photocatalytic H2 evolution [26, 73-74]. Accordingly, the BET surface area of the sample 

derived from urea is also ten times higher than that from melamine [26]. Similar results could 

also be observed from Figure 2-13. All these results further prove the outstanding performance 

of urea-derived-g-C3N4 owing to its unique porous nanostructure and higher degree of 

polymerization. 

 

Figure 2.12. TEM images of the obtained g-C3N4 from (a) urea; (b) melamine under the same thermal 

polymerization conditions [25]. Acknowledgement to Royal Society of Chemistry. 

Figure 2.13. TEM images of the obtained g-C3N4 from (a) urea; (b) thiourea and (c) dicyandiamide under 

the same thermal polymerization conditions [74]. Acknowledgement to Royal Society of Chemistry. 



- 20 - 

 

The calcination temperature and pyrolysis time are two key factors in determining the 

physicochemical properties of a urea-derived-g-C3N4. Based on previous studies [75-77], 

increased calcination temperature could drastically result in the enhancement in crystallinity 

and specific surface area of the product. The prolonged thermal annealing process could lead 

to the distinct exfoliation of the stacking layers of g-C3N4 with reduced size and increased 

porosity. These two elements should be taken into consideration for design and 

nanoarchitecture engineering of g-C3N4 for improved performance. 

 

2.4.2. Design and construction of inorganic semiconductor-g-C3N4 heterostructures 

Because of its ideal semi-conductivity with superior optical features together with its high 

stability, graphitic carbon nitride (g-C3N4) has attracted worldwide attention [78], emerging as 

a promising and excellent visible-light-responsive photocatalyst for photocatalytic water 

splitting [79-81], photocatalytic CO2 reduction [82–84] as well as pollutants degradation [85]. 

However, when pure g-C3N4 gets excited upon visible light, it showed relatively low quantum 

efficiency with high recombination rate of photo-generated charge carriers. Moreover, it suffers 

from the low electrical conductivity and also self-decomposition by photo-excited holes 

throughout the photocatalytic processes, which will hamper the practical application of solar 

energy utilization over g-C3N4. To promote a higher photocatalytic efficiency for practical 

application, various modification strategies have been developed to optimize the 

photoelectrical structures of g-C3N4, including selection of various synthesis precursors [86-

87], preparation of porous g-C3N4 [88-89], metal or non-metal doping as well as heterojunction 

nanocomposites designing [90-92]. Among these, heterogeneous coupling and surface 

engineering with co-catalysts has been proven to be a prominent and practical route for 

enhancement of photocatalytic activity in the following aspects: (1) the visible light absorption 

capability is able to be improved; (2) the existence of cocatalysts can provide more active sites 

and reduce over-potentials for redox reactions; (3) the construction of heterojunction systems 

(such as a p-n heterojunction) is beneficial for faster separation and transfer of charge carriers; 

and (4) the stability of the photocatalysts can be enhanced due to the depositing of proper 

functional groups via surface passivation.  
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2.4.2.1. Metal oxides/g-C3N4 composite heterostructures 

Among various inorganic semiconductor coupled g-C3N4 heterostructures, metal oxides 

such as TiO2 [93-95], Co3O4 [96-98], ZnO [99], and WO3 [100] have become a new research 

focus for modification of g-C3N4. Outstandingly, TiO2 and Co3O4 have been most intensively 

studied as suitable candidates for the successful formation of hybrid heterostructures with g-

C3N4. Li’s group developed porous N-TiO2/g-C3N4 heterojunctions via an in-situ microwave 

assisted approach, showing enhanced visible light photocatalytic performances for degradation 

of dyes [101]. The optimal photocatalytic activity could be found at 40 wt% loading of N-TiO2. 

The main reason for the enhancement of photocatalytic activity could be attributed to the 

construction of the type-II heterojunction [102], which promotes the more efficient separation 

of electrons and holes than pure N-TiO2 or g-C3N4. As illustrated in Figure 2.14, the electrons 

on LUMO level of g-C3N4, which is more negative relative to the conduction band (CB) level 

of N-TiO2, would be transferred to the lower laying CB level of N-TiO2 to form an electron 

centre, while the holes will be injected from the valence band (VB) level to that of g-C3N4 in 

the opposite direction. Meanwhile, superoxide anion radical .O2
- was confirmed to be the 

predominent oxidative radicals for degradation of RhB. 

Figure 2.14. Schematic diagram of energy band structure and possible reaction mechanism for N-TiO2/g-

C3N4 heterojunctions [101]. Reproduced with permission of the American Chemical Society. 

   

Another report from Yu’s group [103] revealed that a direct g-C3N4–TiO2 Z-scheme 

photocatalyst prepared via simple calcination of commercial P25 and urea has exhibited higher 

photocatalytic activity than pure P25 for oxidative decomposition of HCHO in air. At the 

optimal loading amount of g-C3N4, the apparent reaction rate constant of the composite could 

reach as high as 2.1 times of that on pure P25. The construction of direct Z-scheme 

nanocomposites gives unprecedented insights into efficient separation of photo-induced charge 



- 22 - 

 

carriers for improvement of photocatalytic activity. Different from traditional type-II 

heterojunction, the photo-exited electrons by UV irradiation from TiO2 would be transferred 

from CB of TiO2 to VB of g-C3N4 directly without any mediator, and then further excited to 

CB of g-C3N4 later on. Thus, the electrons will be efficiently separated from the holes which 

are stored in the VB of TiO2. Both of them will then be involved in respective redox reactions 

for production of highly reactive radicals such as ˙OH and .O2
-, facilitating the faster 

decomposition of HCHO. (Figure 2.15)  

 

Figure 2.15. Schematic diagram of charge transfer mechanism for direct g-C3N4–TiO2 Z-scheme 

photocatalysts under UV irradiation. [103]. Acknowledgement to Royal Society of Chemistry. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        

Apart from the different heterojunction system constructed between TiO2 and g-C3N4 

semiconductors, various nanostructured TiO2 including 0D nanoparticles ~ 3D nanospheres 

can be tuned and synthesized via a simple seed-induced solvothermal approach [104]. Among 

its analogues, well-dispersed 3D mesoporous-TiO2 /2D g-C3N4 showed the highest 

photocatalytic activity for dyes degradation under visible light. Most recently, enhanced 

photocatalytic activity focusing on controlling of spefific exposed {001} facets for anatase 

TiO2 with high energy or incorporating other phases of TiO2 (such as brookite) other than 

traditional anatase has become a research hotspot [105-107]. Construction of a novel and green 

synthesis approach still remains a challenging task for fabrication of a stable and effective 

TiO2/g-C3N4 heterostructure. 

Except for the well-studied TiO2/g-C3N4 heterostructure, Co3O4 is another metal oxide, 

which attracts continuous attention due to its supreme oxidation ability and a relatively narrow 

band gap of 2.1 eV for water splitting and photocatalytic degradation of pullutants [108-109]. 
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In 2013, Ge’s group obtained a Co3O4-g-C3N4 heterojunction photocatalyst via a facile mixing 

and calcination method [96], which exhibited enhanced photocatalytic activity for degradation 

of MO. The optimal loading of 0.2 wt% Co3O4 contributes the highest photocatalytic efficiency, 

which is 7.5 folds higher than that of pure g-C3N4. As manifested in Figure 2.16 (a), the 

introduction of Co3O4 formed intimate contact interfaces with g-C3N4, promoting the transfer 

of photo-induced holes from g-C3N4 to Co3O4, while leaving the electrons in Conduction band 

of g-C3N4. Thus, the recombination of electron-holes charge carriers has been suppressed 

effectively. The superoxide anion radical .O2
- and the holes facilitate the photo-oxidation of 

methyl orange molecules. This result is further confirmed by photoluminescence (PL) spectra 

listed in Figure 2.16 (b). 

Figure 2.16. (a) Schematic diagram of degradation mechanism for MO over Co3O4-g-C3N4 heterojunction 

photocatalyst under visible light irradiations; and (b) PL spectra of Co3O4-g-C3N4 heterojunction 

photocatalyst [96]. Reproduced with permission from Elsevier. 

 

Wang’s group [97] reported the decoration of 3D flower-like Co(OH)2/Co3O4 on 2D g-C3N4 

via s simple coating approach. The introduction of cobalt hydroxide/oxide apparently enhanced 

the photoelectric effect for a promoted photocatalytic OER activity, owing to the improved 

separation and transfer of charge carriers as well as electronic conductivity. The unique 

hydrotalcite structure of α-Co(OH)2 contributes to the superior properties for electronic transfer, 

which might explain the higher OER performance of Co(OH)2/g-C3N4 than Co3O4/g-C3N4. 

Specifically, at a loading content of 7 wt% of Co(OH)2, the constructed Co(OH)2/g-C3N4 

possessed optimal photocatalytic OER activity, which is 5 times higher than that of pure g-

C3N4. Later on, monodispersed quantum dots of Co3O4 were fabricated and further deposited 

on porous g-C3N4 nanosheets via an annealing process [98]. It was discovered that the 

annealing temperature in-situ induced numerous pores around Co3O4 quantum dots on the 

(a) (b)
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surface of g-C3N4 and built a heterojunction with strong interfacial interaction. The higher 

annealing temerature led to a higher BET surface area, stronger absortion ability within visible-

light range, better oxidation ability and superior photoelectrochemical performance, 

contributing to a optimal photocatalyitc OER activity at 0.8% Co3O4-g-C3N4-300, which is 

nearly 5 times as high as that of pure g-C3N4 for O2 production under visible light.  

Figure 2.17. (a) UV-vis DRS; (b) PL spectra; (c) Mott-Schottky curves for pure g-C3N4 and 0.8% Co3O4-

C3N4 at various annealing temperature; and (d) band structure diagram for g- C3N4 before and after 

decoration of Co3O4 [98]. Reproduced with permission from Elsevier. 

 

Additionally, incorporating g-C3N4 with other metal oxides have also been systematically 

used to form heterojunction photocatalysts, such as WO3/g-C3N4 [110], Fe3O4/g-C3N4 [111], 

Cu2O/g-C3N4 [112], MoO3/g-C3N4 [113], and NiO/g-C3N4 [114], etc. All these composite 

nanostructures pose new insights for designing hybrid catalysts for various photoredox 

applications in solar energy conversion and removal of environmental contaminants. 

 

2.4.2.2. Metal sulfides/g-C3N4 composite heterostructures 

  Among various noble metal-free cocatalyts for modification of g-C3N4 for enhanced 

photocatalytic activity, transition metal dichalcogenide (TMD) such as MoS2 and WS2 based 

cocatalysts have become the most popular research targets recently. Owing to their layered 

nanostructure and eletronic properties similar to graphene, earth-abundant and easily fabricated 

MoS2 stands out to be one of the most ideal candidates as cocatalyts in photocatalytic 

applications [115-116]. 
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Figure 2.18. (a) Fabrication procedure of gas-phase sulfidation and the obtained ideal structure model of 

layered nanojunction; (b) Band structure diagram for g-C3N4 and MoS2; and (c) Rate of photocatalytic H2 

evolution on mpg-CN loaded with different cocatalysts [12], reproduced with permission from Wiley-VCH 

Verlag GmbH & Co. KGaA. 

 

The poineering work from Hou et al. reported the construction of a thin layered 

heterojunction with MoS2 slabs grown over the surface of mesoporous g-C3N4 [12]. Looking 

into Figure 2.18(a), the analogous structures of MoS2 and g-C3N4 could enlarge the contact 

area around their interface layers and shorten the pathway for electrons transport over the 

surface of MoS2. Meanwhile, the band structure diagam in Figure 2.18(b) shows that, upon 

visible light irradiation, the photo-generated electrons from g-C3N4 could be transferred to 

conduction band of MoS2 to facilitate the faster separation and migration of charge carriers. As 

an excellent HER cocatalyst, thin layers of MoS2 could boost H2 evolution owing to the high 

exposure of sulfur edges of the crystal layers. Thus, the presence of MoS2 as cocatalysts could 

serve as electron collectors for efficient H2 release once the unsaturated sulfur atoms trap 

enough protons from the solution. Apparently, the maximum photocatalytic H2 evolution could 

be achieved when the loading amount of MoS2 reached 0.2 wt%, which performs much better 

than the 0.2 wt% Pt/mpg-CN analogue under the exactly same conditions. When the loading 

content keeps increasing to 2.0 wt%, the Pt/mpg-CN surprisingly outperformed the as-

synthesized MoS2/mpg-CN. The thin junction constituted by thin planar of MoS2 is beneficial 

for efficient light absorption as well as lower barriers for electrons transport. This optimal 

system reached an apparent quantum yield of 2.1% at wavelength of 420 nm. One shortcome 
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falls into the unstability due to the photo-oxidaiton/corrosion of MoS2 during the cycling runs. 

Since that, MoS2 has atrracted numerous research attention as cocatalysts for electrocatalytic 

and photocatalytic H2 evolution as well as in other photocatalyitc applications [117-118]. Li et 

al. [119] synthesized 2D g-C3N4/2D MoS2 heterojunction photocatalysts adopting a simple 

impregnation and clacination process. 2D g-C3N4 and MoS2 nanosheets were obtained via 

ultrasonication of bulk materials with acid exfoliation. Under visible light irradiation, this 

composite heterojunction photocatalyst displayed significantly enhanced activity with 

considerable stability towards degradation of MO and RhB. Figure 2.19 illustrates the 

fabrication scheme of 2D g-C3N4/2D MoS2 heterojunction and also presents the proposed 

mechanism for charge transfer over the interface of the 2D MoS2/g-C3N4 composites with 

remarkably enhanced photocatalytic performance. The typical type-Ⅱcharge transfer scheme 

contributed to the reduction of recombination probability of photogenerated charge carriers. 

Consequently, abundant holes accumulated in the valence band (VB) of g-C3N4 for faster 

oxidization of dye molecules.  

Figure 2.19. (a) Fabrication procedure illustration of 2D MoS2/g-C3N4 heterojunction; (b) Proposed 

photocatalytic mechanism diagram of 2D MoS2/g-C3N4 heterojunction composites [119]. Reproduced with 

permission from Elsevier. 

 

  Wang’s group [120] has fabricated water soluble and stably dispersed MoS2 quantum dots 

(MSQD) and further deposited on g-C3N4 nanosheets to obtain a 0D MoS2/2D g-C3N4 

heterojunction nanocomposites with improved photocatalytic and electrocatalytic H2 evolution 

performance. MSQD was prepared via a facile one-pot hydrothermal process with high stability 

and dispersion in water with a uniform particle size around 2~5 nm. Compared to MoS2 

nanosheets, MoS2 quantum dots could contribute more exposed edges for unsaturated sulfur 

atoms as active sites with higher electrocatalytic H2 evolution performance accordingly. The 

quantum confinement effect could also shift the optical properties and realignment of energy 
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band structures. Compared to 0.2 wt% Pt-CN and pure CN (without any cocatalyst), the 

average rate of H2 evolution for 0.2 wt% MSQD-CN has increased by 1.3 and 8.1 times, 

respectively. The optimal 5 wt% MSQD-CN achieved the highest photocatalytic H2 evolution 

activity with an average H2 evolution rate reaching as high as 577 μmol. h−1. g−1. The 

introduction of MSQD as a cocatalyst effectively lowered the overpotential barrier for HER 

process and enhanced electrical conductivity for transport of charge carriers. Additionally, the 

construction of MSQD-CN hybrid with an intimate contact interface of p-n heterojunction 

formed matches well with a direct Z-scheme charge transfer system. The detailed synergetic 

mechanism among Pt, MSQD and CN can be discovered in Figure 2.20, which clearly 

illustrates the process of facilitated electron transfer and separation. The electrons stored in 

conduction band of MSQD will trap H+ for H2 released with higher reductive potential. 

Afterwards, a 3D flower-like MoS2 composed of nanosheets with thin layers were fabricated 

by a simple green apprach and attached to the surface of 2D g-C3N4 nanosheets via {002} phase 

of MoS2 to form an intimate contact. Other than the chemically inert phase of {002}, more 

active phase of {103} has been confirmed for exposure, leading to possible exposure of more 

active sites for enhanced HER performance. This unique 3D porous architecture constituted by 

ultrathin nanoplates via self-assembling exhibits significantly enhanced photocatalytic and 

electrocatalytic H2 evolution performance, especially under visible light irradiations. In 

addition, this 3D MoS2/2D g-C3N4 nanostructure was proven to surpass its 0D and 2D MoS2 

analogues with a better photocatalytic H2 evolution performance and extremely high catalytic 

stability [121].    

Figure 2.20. Schematic illustration of photocatalytic H2 evolution performance for MoS2 QDs loaded on g-

C3N4 and proposed mechanism for the enhanced charge transfer process [120]. Reproduced with permission 

from Elsevier. 
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Another widely studied metal sulfide cocatalyst, CdS has also drawn much attention due to 

its narrow band gap of 2.4 eV in the past few years [122-124]. CdS quantum dots have been 

successfully fabricated and then further dispersed over the surface of g-C3N4 to achieve a 

drastically increased photocatalytic activity for pollutants degradation and water reduction. The 

coupling of CdS quantum dots could extend the absorption edges to a longer wavelength range 

with enchanced visible light absorption ability, which could be tuned by adjusting the content 

of CdS. The pefect match of energy levels of CdS and g-C3N4 constitutes a typical Type-II 

heterojunction system, in which photo-exicted holes will be shifted from CdS to g-C3N4 while 

CdS acts as an electron collector. Thus, the challenge of photocorrosion issue with CdS will be 

remarkably overcomed, showing a prominent increase in photostability. As shown in Figure 

2.21c, no obvious decrease of H2 evolution performance was observed after 28 h irradiation on 

30 wt% CdS QDs/g-C3N4 composites. Due to the much more efficient separation of charge 

carriers at the interface of the heterojunction as illustrated in Figure 2.21, the visible light 

photocatalytic H2 evolution activity and stability can be drastically enhanced relative to pure 

g-C3N4 [125].  

 

Figure 2.21. (a) Schematic diagram of photo-induced charge transfer process over CdS QDs/g-C3N4 

heterojunction system; (b) Photocatalytic H2 evolution performance for g-C3N4 loaded with different content 

of CdS QDs and (c) Cyclic runs for the photocatalytic H2 evolution with 30 wt% CdS QDs/g-C3N4 

composites under visible light [125]. Reproduced with permission of the American Chemical Society. 

 

  Other metal sulfides based photocatalysts such as WS2 [126], NiS [127], ZnS [128], Cd1-

xZnxS [129-130] can also serve as cocatalysts to promote g-C3N4-based photocatalytic H2 

evolution from water. These investigations provide more insights in designing scalable, 

sustainable and effective H2 evolution photocatalysts with a high stability. 
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2.4.2.3. Metal phosphides/g-C3N4 composite heterostructures 

  Recently, transition metal phosphides (TMPs) such as CoP, Co2P and Ni2P have attracted 

intensive attention as cocatalysts in electrocatalytic and photocatalytic H2 evolution process 

due to their excellent performance as HER catalysts. For the first time, Fu’s group found that 

cobalt phosphide (Co2P) could be a potential cocatalyst for CdS nanorods as the photocatalyst 

for efficient photocatalytic H2 evolution, demonstrating the highest H2 evolution rate up to 

19373 μmol. h−1. g−1 with the apparent quantum yield reaching 6.8% after 10 h irradiation of 

LED light (30 × 3 W, λ ≥ 420 nm) [131]. Later on, cobalt phosphide has been confirmed to serve 

as effective co-catalysts to boost the photocatalytic hydrogen evolution activity on g-C3N4 and 

TiO2. Zhang’s group fabricated a hybrid heterostructure of CoP/TiO2 with significant 

enhancement of photocatalytic H2 evolution rate (8350 μmol. h−1. g−1) by 11 times relative to 

pristine TiO2 under irradiation of a 300 W Xe lamp [132]. Zeng et.al constructed a 

heterostructure of 1D Co2P nanorod/2D g-C3N4 nanosheet by a solution-phase process with 

enhanced visible light photocatalytic H2 evolution performance. The maximum average 

hydrogen evolution rate of 53.3 μmol. h−1. g−1 could be obtained at the optimal loading content 

of Co2P at 3 wt% under illumination of simulated solar light provided by a 300 W Xe lamp 

(UV cut-off filter with λ > 420 nm) [133]. This solution-phase approach for hybridizing 1D/2D 

heterostructure could be extended to engineering other novel nanomaterials for boosting of 

photocatalytic H2 evolution from water splitting. Very recently, Yan’s group [134] reported the 

as-synthesized CoP/g-C3N4 composite heterojunction for remarkably enhanced visible light 

photocatalytic H2 production rate. At the optimal loading amount of 0.25 wt% CoP, the 

photocatalytic H2 evolution rate reached 474.4 μmol. h−1. g−1, which is 113 times higher than 

that of pristine g-C3N4 and even higher than that of Pt/g-C3N4 under irradiation of simulated 

solar light provided by a 300 W Xe lamp (UV cut-off filter with λ > 420 nm). Moreover, it also 

boasts at a sound photo-stability without any decrease after cycling runs. The well-matched 

band energy structures constitutes a type-Ⅱheterojunction for efficient charge transfer and 

separation system, as illustrated in Figure 2.22. Except for application in photocatalytic H2 

evolution reaction, cobalt phosphide has also been adopted as a co-catalyst to modify graphitic 

carbon nitride in overall water splitting without any sacrificial agent. Wang’s group 

demonstrated that CoP and Pt can act as dual cocatalyst on the surface of g-C3N4 to promote 

the release of O2 and H2 respectively in a molar ratio of 1:2 [135]. The introduction of CoP 

boosts the charge separation and reduce the over-potential for OER process as it can also act 

as a prominent OER electrocatalyst [136]. As depicted in Figure 2.23, g-C3N4 loaded with dual 
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co-catalysts of Pt and CoP showed the best photocatalytic performance for overall water 

splitting into H2 and O2 compared to g-C3N4 loaded with Pt or Pt-Co3O4 as co-catalysts. 

Furthermore, g-C3N4 only or g-C3N4 loaded with CoP cannot show any photocatalytic activity 

for overall water splitting. After several repeated runs, the photocatalytic water splitting 

performance dropped a little, probably because the interface binding between the photocatalyst 

and co-catalysts became loose. The design of dual co-catalysts for overall water splitting 

without any sacrificial agent provides a novel strategy to facilitate the kinetics for both OER 

and HER process. 

Figure 2.22. A) Photocatalytic hydrogen evolution performance for g-C3N4 loaded with different content of 

CoP. Insert: comparison of photocatalytic H2 evolution amount vs. time over 0.25 wt% CoP/g-C3N4 and 0.25 

wt% Pt/g-C3N4. B) Cyclic runs for photocatalytic H2 evolution on 0.25 wt% CoP/ g-C3N4. And C) 

Mechanism diagram of charge transfer process over CoP/g-C3N4 heterojunction system [134]. Reproduced 

with permission from Elsevier. 

 

  Other metal phosphide cocatalysts such as NixP and NiCoP have also been brought to the 

research forefront of photocatalytic hydrogen evolution [137-139]. NiCoP/g-C3N4 was 

synthesized via a simple one-pot technique and displayed extremely high photocatalytic 

hydrogen evolution performances with an average H2 evolution rate of 1643 μmol. h−1. g−1, 

which was elevated by 21 times relative to g-C3N4 [138]. Colloidally fabricated Ni12P5 

nanoparticles were firmly anchored on nanoporous g-C3N4 by a simple ultrasonic approach for 

enhanced visible light photocatalytic H2 evolution performance by Zeng et al. [140]. This 

heterostructure achieved high AQY of 4.67% at the wavelength of 420 nm.  
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Figure 2.23. (A) Photocatalytic overall water splitting performance for g-C3N4 loaded with different 

cocatalysts. (B) Continuous runs of overall water splitting by 3 wt% Pt-3 wt% CoP-g-C3N4. (C) Schematic 

diagram of the cooperation of dual cocatalysts of Pt and CoP over surface of g-C3N4 for photocatalytic water 

splitting process [135], reproduced with permission from Wiley-VCH Verlag GmbH & Co. KGaA. 

 

  Apart from the results shown above, other construction of g-C3N4-based heterojunctions 

have also been mentioned in previous reports. Carbon-g-C3N4 heterojunctions, metal-g-C3N4 

heterostructures, metal organic framework (MOF)-g- C3N4 heterostructures, conducting 

polymer-g-C3N4 together with other forms of complex-g-C3N4 as sensitizers also turn out to be 

promising photocatalysts for various applications. Looking into the future, more efforts should 

be devoted to : (1) developing new strategies for exploiting efficient visible light absorption to 

longer wavelength ( above 500 nm) to minic the natural photosynthesis process; (2) reinforcing 

the heterostructure between cocatalyst and the photocatalyst to achieve a high stability, 

especilly for metal sulfides; (3) employing scalable exfoliation techniques for single or few-

layered g-C3N4 for potential industrial applications; (4) combining therotical calculation with 

innovative approach for the design of site-selective loading of cocatalysts and crystal facet 

tailoring of photocatalysts; and (5) developing green and simple synthesis technique without 

any secondary hazards. In summary, g-C3N4-based photocatalysts will definitely keep booming 

as a research hotspot with challenges and opportunities in the following years. 
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2.5 Bismuth-based complex oxides as visible light photocatalysts 

  Embarking on the journey searching for visible-light responsive photocatalysts, researchers 

discovered that bismuth-based complex oxides can serve as one type of potential candidates 

because of their unique electronic strucutures. Compared to valance band of TiO2 which 

contains only O 2p orbitals, the valence band of bismuth-based complex oxides is composed 

of hybrid orbitals of both Bi 6s and O 2p. The distortion of well-dispersed Bi 6s orbital could 

benefit the mobility of photoinduced charge carriers and reduce the band gap [141-143]. Within 

the past few decades, many efforts have been made for the development of bismuth-based 

visible light photocatalysts with high performances for environmental pollutants degradation 

as well as water splitting, such as BiVO4 [141], BiFeO3 [142], Bi2O3 [143], Bi2MoO6 [144], 

BiOX [145] and Bi2WO6 [146] etc. Among them, bismuth oxyhalides, bismuth ferrite 

perovskites and bismuth tungstate are the most widely studied three representatives, whose 

recent progresses are summarized as follows. 

 

2.5.1 Synthesis and photocatalytic application of bismuth oxyhalides 

2.5.1.1 Crystal and electronic structure 

Figure 2.24. Schematic diagram of model structure for BiOI crystals (a) three-dimensional projection; (b) 

{110} facets; and (c) {001} facets [150]. Acknowledgement to Royal Society of Chemistry. 

 

Bismuth oxyhalides compounds BiOX (X=Cl, Br, I) have been confirmed to possess 

outstanding photocatalytic activities owing to their unique structure as well as excellent 

physicochemical and optical properties [147-149]. It features a tetragonal matlockite structure, 
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a layered structure of [Bi2O2] slabs, which are interwaved by double slabs of certain halogen 

atoms as illustrated in Figure 2.24. The internal static electric field is believed to promote the 

efficient separation of photo-induced electrons and holes for enhanced photocatalytic activity. 

As the atomic numbers increases from Cl to I, their band gaps become narrower from BiOCl 

(~3.2 eV) to BiOI (~1.7 eV), which falls into the responsive range of both UV and visible light. 

The hybridization and engineering of BiOX compounds could lead to a maximum enhancement 

of their photocatalytic activity and optimal utilization of visible light. 

  

2.5.1.2 Photoactivity enhancement via modification 

Poineeringly, Zhang et al. [151] demonstrated the exceptional photocatalytic performance 

of BiOCl for photodegradation of MO dye under UV light, far exceeding the performance of 

commercial P25. Since then, numerous interests have been centerred on the morphological 

modulation, semiconductor hybridization, defects control and tuning of facets exposure for 

BiOX photocatalysts with their applications in energy and environmental management. 

Normally, high efficient nanostructure of BiOX photocatalyst is comprised of binary or ternary 

hybrized heterostrucutre due to synergistic effects. Among which, semiconductor/BiOX 

hybrids have been most intensely studied recently [152-154]. 

  The engineering design of constructing BiOI/BiOX (X=Cl, Br) composites has been 

addressed in the past few years [155-157]. Pure BiOI boasts for its narrow band gap which is 

favorable for visible light absorption. However, the high recombination rate of photo-generated 

electron-hole pairs will restrain its practical utilization of solar energy due to a low quantum 

efficiency. Huang’s group [155] has synthesized BiOI/BiOBr composites by a one-pot 

solvothermal process with enhanced photocatalytic bacteriostatic activity under visible light. 

Yang et. al prepared BiOI/BiOCl composites via a facile ultrasonic approach assisted by ionic 

liquid. The obtained composites with 40% content of BiOI exhibits the highest photocatalytic 

activity towards degradation of RhB, tetracycline and other dye pollutants [156]. Due to the 

formation of the BiOI/BiOCl heterojunction, the photo-excited electrons from BiOI under 

visible light will transfer from the new formed CB of BiOI to lower level CB of BiOCl, while 

the holes will make the opposite transfer. The efficient separation and utilization of electron-

hole pairs will contribute to the drastic enhancement of photocatalytic degradation activity for 

this BiOI/BiOCl heterostructure. The schematic diagram of synthesis procedure and the 

photocatalytic reaction mechanism are illustrated in Figure 2.25. Wang’s group [157] 

synthesized 3D BiOI/BiOX(X=Cl, Br) nanohybrids with enhanced O2 evolution performance 

from water splitting as well as visible-light photocatalytic activity towards dyes degradation. 
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Wu’s group [158] had different findings with as-synthesized BiOX and their composites 

BiOAxB1-x via a microwave-assisted solvothermal technique. Among all the materials, BiOI 

displayed the highest photocatalytic H2 evolution activity because of its narrow band gap and 

sufficiently negative conduction band to drive water reduction under visible light irradiation. 

On the contrary, the BiOAxB1-x composites demonstrated a relatively low performance for H2 

evolution, probably due to their wide band gap and unappropriate electronic band structure.  

Figure 2.25. (a) The schematic diagram for fabrication of flower-like BiOI/BiOCl; (b) Schematic illustration 

of photocatalytic reaction process over BiOI/BiOCl heterostructure [156]. Reproduced with permission from 

Elsevier. 

 

  In addition, BiOX hybridized with other semiconductors have also been reported as 

promising visible light photocatalysts. Lee et al. [152] found that as-prepared BiOCl/Bi2O3 

heterostructure by a chemical etching process displayed superior photocatalytic activity than 

P25 for degradation of both aqueous and gaseous organic contaniments. Homogeneous C-

doped Bi3O4Cl nanosheets could boost an excellent photocatalytic OER activity under visible 

light without any cocatalyst and sacrificial agent [159]. Besides, WO3/BiOCl [153], 

NaBiO3/BiOCl [160], BiOCl/BiNbO4/TiO2 [161], and Bi12O17Cl2/MoS2 [162] have been 

fabricated and proven to show efficient photocatalytic activity driven by visible light.  

  Most recently, more and more researchers showed their interests to point defects control as 

well as specific facet tailoring of BiOX crystals as main strategies for structural engineering. 

Facet tailoring of crystals is usually achieved via adopting acids as a capping agent to regulate 

the exposure of crystal facets with a high catalytic activity, leading to the optimized 

photoelectrochemical properties of the catalyst. Once the H+ ions bind strongly with the 

terminated oxygen atoms, which are densely distrubuted on the surface of {001} facet, the 

crystal growth along c axis will be suppressed. Jiang et al. [163] adopted a simple hydrothermal 

approach to obtain the {001} facet-dominant BiOCl nanosheets tailored by self-generated H+ 

ions. The exposure percentage of different facets could be achieved by adjusting pH value of 
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the solution. As presumed, the {001} facet-dominant BiOCl nanosheets exhibited superior 

photocataltyic activity towards MO degradation than the {010} facet-dominant analogues for 

direct photo-excitation process.  

  The introduction of point defects such as oxygen or metal vacancies is normally conducted 

under thermal conditions or protection of reducing atmosphere such as Ar. Thus, the electronic 

band levels, transport of charge carriers and light absorption capabilities could be varied 

accordingly. Those vacancies can also serve as traps for charge carriers. BiOCl nanosheets with 

oxygen vacancies have been obtained by exposing the white BiOCl powder to UV light 

irradiation under protection of Ar gas [164]. As shown in Figure 2.26, the color of BiOCl is 

changed to black due to formation of oxygen vacancies, which will contribute to the defect 

state lying below the conduction band. This new state will serve as the electron traps and 

promote faster separation of charge carriers for enhanced photocatalytic activity. Thus, its band 

structure has been tuned as an efficient visible light responsive photocatalyst. 

 

Figure 2.26. (a) UV-vis DRS spectra for the as-synthesized BiOCl samples; and (b) Schematic diagram of 

band structure and photocatalytic reaction process over black BiOCl [164]. Acknowledgement to Royal 

Society of Chemistry. 

 

2.5.1.3 Summary and outlook 
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  Except for the applications in photocatalytic degradation of pollutants, photocatalytic water 

splitting and photocatalytic disinfection, BiOX has also been proven to be a promising catalyst 

in photocatalytic CO2 reduction [165], photocatalytic nitrogen fixation [166] and 

photocatalytic organic synthesis [167]. Still, there are some arguments concerning the detailed 

photocatalytic mechanism for BiOX. Deep exploration for understanding the active sites in 

photocatalytic reactions are much needed. In addition, more efforts should be put to control the 

atomic thickness, porous or hollow structure during the synthesis of BiOX. The advancing of 

nanotechnology will undoubtedly bring more opportunities to guide the rational design of 

highly efficient photocatalysts. Assisted with computational calculation and advanced in-situ 

characterization techniques such as infrared spectroscopy, realistic experimental study over 

BiOX-based photocatalysts will definitely achieve more fruitful results and broader 

applications in the future.   

 

2.5.2 Synthesis and photocatalytic application of bismuth ferrite perovskites  

2.5.2.1 Crystal and electronic structure 

Figure 2.27. Schematic illustration of ABO3 perovskite structure[171]. Reproduced with permission from 

Elsevier. 

 

Recently, bismuth ferrite perovskites ( BiFeO3) have emerged as another new class of 

visible-light driven photocatalysts in degradation of aquesou organic pollutants owing to their 

unique ferroelectric and magnetic properties[142, 168-170]. The basic chemical formula of the 

perovskite compound is ABO3. Generally, the A site is filled with a cation with a larger size 

than B, typically an alkali metal, an alkaline earth metal and a rare earth metal ion, which 
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locates in the center of a tetradecahedron composed of 12 oxygen atoms; while the B site is a 

small-sized transition metal ion which locates in the center of an octahedron composed of six  

oxygen ions. The ideal ABO3 perovskite possesses a cubicsymmetry with oxygen ions in the 

center of the faces as shown in Figure 2.27. 

  Basically, the A-site ion will not be involved in the reaction directly. To maintain the 

electrical neutrality and stability of the unit cell, it can adjust the valence state and dispersion 

state of the B-site ion as the active component. However, if it is replaced by other ion with a 

different valence state, the valence state of the B-site ions will change accordingly and the 

unusual valence ions will become stable. Also, lattice defects may occur and lead to the change 

of the chemical position of the lattice oxygen. In addition, the combination of the A site ion 

with the O2－carries the characteristics of an ionic bond. When the A site ion is substituted by 

a higher valence ion, the A ion vacancy may be generated or the valence state of the B site ion 

may be lowered in order to meet the charge balance. When the A site ion is substituted by a 

lower valence ion, an oxygen vacancy will be generated or the valence state of the B site is 

lifted, which favors for the enhancement of photocatalytic activity. Meanwhile, the lattice 

distortions from ABO3 perovskite will lead to the transfer between the various crystal phases, 

which also accounts for the variance in optical and electronic characteristics. By tuning 

different combination of A and B ions, there is a large scope for engineering and designing 

optimal ABO3 perovskite with satisfying optical and physicochemical properties. The catalytic 

activity of the perovskite-type photocatalyst depends on the energy gap between the B-site 

cation and O2- which is formed due to the interaction between B - O – B. Therefore, the role 

and the selection of the B-site cation are crucial. When the B-site ions are replaced by ions of 

different valence states, it will produce lattice vacancies or the valence alteration of other ions 

in the B-site, thus the adsorbed oxygen on the catalyst surface will be significantly increased 

or decreased. Moreover, some synergistic effects will also take place. When the energy gap 

becomes narrower, the mobility of electrons will be enhanced, and so does the photocatalytic 

activity. The reduction of the energy gap is beneficial to the absorption of visible light and the 

utilization of solar energy.  

  Among all ABO3 perovskites, BiFeO3 attracts extensive attention as a photocatalyst because 

of its narrow band gap that responds to visible light excitation as well as multiferroic and 

magnetic behavior, which are favorable in practical photocatalytic applications. It has been 

widely studied since 2007, owing to its prominent photocatalytic performance. Most of the 

fabrication techniques for pure BiFeO3 fall into wet chemical methods such as hydrothermal 
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[172-174], co-precipication [175-176] and ultrasonic approach [177-178], etc. Specifically, the 

hydrothermal process at a low temperature is most attractive for fabrication of BiFeO3 with 

desired phase and high purity as well as controllable morphology [179-181]. Meso-scale 

BiFeO3 octahedral crystals were fabricated via a hydrothermal approach with tunable KOH 

concentrations [182]. Seen from the SEM image in Figure 2.28, octahedral BiFeO3 

nanoparticles are covered by eight {001}hex crystal facets. A self-assembly and crystal-plane-

selected ripening mechanism is proposed in Figure 2.27(c). The poineering work by Gao et al. 

[183] reported that polycrystalline BiFeO3 nanoparticles with a size of 80-120 nm were 

obtained by a simple sol-gel method, demonstrating high efficiencies in decomposing organic 

pollutants under visible light irradiations. It has been proven to display obvious advantage 

utilizing the visible light, compared to normal TiO2. Furthermore, it also exhibits weak 

ferromagnetism at room temperature, which favours the easy removal of the catalysts after the 

reactions. 

Figure 2.28. (a) SEM image of BiFeO3 octahedral particles; (b) schematic diagram of model structure for 

BiFeO3 with R3c space and (c) illustration of formation process for BiFeO3 octahedral particles during 

hydrothermal synthesis[182]. Reproduced with permission from Elsevier. 

 

2.5.2.2 Photoactivity enhancement via modification 

  Although BiFeO3 shows a great potential as a promising visible light photocatalyst, it suffers 

from the high recombination rate of electron-hole pairs and the relatively low conduction band 

level. Therefore, many researchers focus on further improvement of its photoactivity through 

tremendous efforts on modification strategies such as morphology and facets control, 

constructing of heterojunction composites and introduction of oxygen vacancies [184-186].  
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  Most recently, achieving preferential exposure of highly reactive facets via morphological 

control has become a research hotspot towards many novel photocatalysts. The new insights 

lie in the discovery that the shifting the photo-induced electron-hole pairs to various crystal 

planes is closely related to their resultant orientation and optical characteristics [187]. Usually, 

a surfactant like PVP or PEG will be added during the hydrothermal reaction process under 

alkaline conditions. Wang et al. [188] adopted a one-pot hydrothermal approach to synthesize 

uniform BiFeO3 crystallites with pure phase assisted by KOH and PEG. Tunable BiFeO3 

crystallites could be obtained with various predominantly-exposed facets by altering the 

alkaline conditions of the precursor solutions. Moreover, the {111}c facet-dominant pills and 

rods demonstrate superior visible light response than that of the {100}c facet-dominant cubes.  

  Constructing heterojunction with a nobel metal dopant or another semiconductor has always 

been an effective strategy to separate and transfer electron-hole pairs for the enhancement of 

photoactivity. M@BFO (M=Ag, Au) bowl arrays were synthesized via a thermal evaporation 

process assisted by a template, demonstrating a much higher efficacy than pure BFO in 

degrading RhB. The enhancement of photocatalytic efficiency could be attributed to the 

localized surface plasmon resonance (SPR) induced by noble metals, which increases the 

separation of charge carriers and also the absorption of visible light [189]. As for 

semiconductor heterojunctions, construction of TiO2/BiFeO3 heterostructures have attracted 

most attention within the past few years [168,170,190-193]. Wang’s group [193] successfully 

prepared BiFeO3@TiO2 nanocomposites with a p-n heterojunction and a core-shell structure, 

displaying enhanced photocatalytic performance for photodegradation of methyl violet (MV) 

under both UV and visible light irradiation. Specifically, BiFeO3@TiO2 nanocomposite with 

mass ratio of 1:1 ( TiO2 shell thickness around 50-100 nm) outperforms analogues with other 

ratios due to optimal loading of TiO2 shells with suitable thickness. The main attributes for 

constructing such a BiFeO3@TiO2 nanocomposite lie in the internal electric field built at the 

junction interface, which will drive the faster separation and migration of photogenerated 

electrons and holes. Additionally, the inner ferroelectric property of BiFeO3 assists in 

facilitating the transport of charge carriers due to its internal diploar field. This unique core-

shell nanostructure with p-n junction promotes easier and faster charge transfer with enlarged 

contact area, enhanced visible light absorption and inhibited charge recombination, presenting 

new perspectives for designing more efficient BiFeO3-based nanocomposite heterojunctions in 

future studies.   

Humayun et al. [168] fabricated highly efficient visible-light photocatalysts of porous-

BiFeO3/nanocrystalline TiO2 nanocomposites with a p-n junction formed at the interface. The 
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enhanced visible light photoactivity regarding gas-phase degradation of acetaldehyde, liquid-

phase degadation of phenol and water reduction for H2 evolution were attributed to the 

dimensional transfer of high energy electrons from porous-BiFeO3 to TiO2, which leads to the 

much more efficient separation of charge carriers for the enhanced photoactivity. As illustrated 

in Figure 2.29, an internal electric field has been built between p-type BiFeO3 and n-type TiO2, 

driving photo-generated electrons to migrate from conduction band (CB) of BiFeO3 to that of 

TiO2, which has been verified through the surface photovoltage (SPV) method including 

detection of the steady-state suface and transient-state surface photovoltage responses. Also, 

BiFeO3 coupled with other semiconductors have been reported with improved photoactivity 

within the visible light range, such as g-C3N4/BiFeO3 [169], Fe2O3/BiFeO3 [194], and 

SrTiO3/BiFeO3 [195] nanocomposites, for the applications in photocataytic degradation of 

organic pollutants and photocatalytic H2 evolution from water.   

 

Figure 2.29. Comparison of P-BFO and T/P-BFO composites under visible light (inserts showing UV-vis 

light photoactivity over different samples) for (A) degradation of acetaldehyde in gas; (B) degradation of 

phenol, (C) vis-light photocatalytic H2 evolution; and (D) Schematic diagram of possible charge transfer 

mechanism for T/P-BFO heterojunction nanocomposites [168]. Reproduced with permission from Elsevier. 

   

  Silimar to bismuth oxyhalides (BiOX), introduction of oxygen vacancies is another strategy, 

which has been employed for modification of BiFeO3 in very recent years. For the first time, 

Wang et al. [196] introduced oxygen vacancies onto surface of BiFeO3 nanoparticles via a 

hydrogenation approach under high pressure (2.0 MPa), contributing to the enhanced light 

absorption ability in the visible light region as well as a decrease in band gap energy. The 
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concentration of oxygen vacancies could be tuned by controlling different hydrogenation 

temperature, which will further affects its photocatalytic activity. As a result, the hydrogenated 

BiFeO3 sample demonstrates a much higher visible-light photocatalytic performance towards 

the degradation of methyl orange. Further reports by Chen et al. [197] also confirm the effective 

technique of formation of oxygen vacancies via hydrogenation treatment under high pressure 

and established inherent corelation between the concentration of oxygen vacancies and 

improved photocatalytci activity. The presence of oxygen vacancies would enhance light 

absorption, reduce band gap and also serve as electrons trap to promote faster separation and 

transfer of charge carriers, leading to a remarkably enhanced photoactivity. 

 

2.5.2.3 Summary and outlook 

  Undeniably, bismuth ferrite perovskite (BiFeO3) exihibits a great potential in photocatalytic 

degradation of organic contaminants and water splitting hydrogen evolution owing to its 

narrow band gap as well as intrinsic ferroelectric and ferromagnetic attributes. Specifically, it 

is easy for catalysts to get recycled and reused after wastewater treatment without any concern 

for nano toxicity. Current modification stratigies center around morphology and facets control, 

heterostructures (core-shell, composites, etc.) and introduction of oxygen vacancies with great 

progress. However, scalable application other than lab trials is still a big challenge facing the 

researchers. Several issues need to be addressed in the future to attain stimulating results in the 

practical applications: (1) design of more efficient BiFeO3-based nanocomposites with a high 

porosity and surface area; (2) computational technique should be combined with novel 

characterization approaches to take a further in-depth study into the reaction mechanism; (3) 

the evaluation system should step into various types of pollutants other than dyes in aqueous 

phases; and (4) BiFeO3-assisted photo-fenton reaction is also a promising process which 

requires more in-depth investigations. 

 

2.5.3 Synthesis and photocatalytic application of bismuth tungstates 

2.5.3.1 Crystal and electronic structure 

Usually two crystalline phases can be found in Bi2WO6 in an orthorhombic phase and 

monoclinic phase. While most of the Bi2WO6 strucutures discussed in the present research 

belong to orthorhombic phase with the crystal structure depicted in Figure 2.30, which 

manifests a layered structure composed by WO6 octahedral layers interleaved with [Bi2O2]
2+ 

layers like a sandwich [198]. Obviously, each W atom is surrounded by six O atoms to 

constitute a WO6 octahedron. 
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Figure 2.30. (a) Crystal structure illustration of orthorhombic Bi2WO6; (b) Band structure diagram and 

theoretical band potentials of BiVO4, Bi2WO6 and Bi2MoO6 [198]. Acknowledgement to Royal Society of 

Chemistry. 

 

The crystal distortion originated from W and Bi ions evidenced by six various W-O bond 

length can impact the electronic structure of the crystal and further influence the photocatalytic 

activity. Based on the calculations from Density Functional Theory (DFT), Bi2WO6 is 

considered to possess a direct band gap of 2.75 eV. The valance band is mainly composed of 

Bi 6s and O 2p levels, while the conduction band is mainly composed of W 5d levels [199]. 

The Bi 6s lonely pair electrons are of great importance to reducing the band gap and enhancing 

hole conductivity. As such, the Bi or O site is considered to be an oxidation site while the W 

site is believed to act as a reduction site. Inferred from its crystal structure and electronic 

structure, Bi2WO6 can have the potential to act as a proming photocatalyst for degradation of 

organic pollutants and water splitting for O2 production under visible light irradiation. 

 

2.5.3.2 Photoactivity enhancement via modification 

Early in 1999, Bi2WO6 was discovered to possess activity for photocatalytic O2 evolution 

from silver nitrate aqueous soluton under visible light excitation [200]. Later, Zhu et al. [201] 

reported that nanosized Bi2WO6 exhibited high photocatalytic activity for degradation of RhB 

under visible light. After these poineering reports, many researchers focus on consistent 

enhancement of photocatalytic performance of bismuth tungstate as visible-light-responsive 

photocatalysts. Various techniques including structural and morphological control, surface 

modification and constructing of nanocomposites have been proposed and investigated in the 
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past few years. Hydrothermal method has been proven to be a simple and moderate procedure 

to obtain flower-like bismuth tungstate with tunable shapes and sizes. In detail, the morphology 

of as-synthesized Bi2WO6 nanoparticles via the hydrothermal process could be cntrolled 

through adjusting the pH value of the precursor solution or adding surfactants [202]. As shown 

in Figure 2.31, the flower-like hierarchical microstructure demonstrated much higher 

photocatalytic performance in degrading organic pollutants than the bulk samples due to its 

large surface area and easy separation and migration of charge carriers. These 3D flower-like 

structures are built by self-assembling and aggregation of thin 2D nanoplates of Bi2WO6 [202]. 

Some other methods such as ultrasonic or microwave-assisted solvothermal or hydrothermal 

process are also explored to obtain Bi2WO6 with hollow spheres, nanoplates or nanoflake 

morphologies. 

Figure 2.31. Typical SEM images of flower-like microstructures of Bi2WO6 [202]. Acknowledgement to 

Royal Society of Chemistry. 

 

Surface acidification and fluorination are two effective strategies to modify the surface 

properties of Bi2WO6. The introduced acidic sites could facilitate a strong linkage between the 

catalyst surface and the pollutant to lead to a faster and easier transfer of charge carriers. In 

addition, the introduction of F-containg group on the surface could also act as electron traps to 

improve the interfacial transfer rate of electrons. Surface hybridization with C60 has been 

proposed for enhanced photogenerated electron mobility by Zhu et al. [203]. After being 

modified on surface of Bi2WO6, C60 could serve as an electron collector for efficient transfer 

and migration of photogenerated electrons, thanks to its delocalized conjugated π structure.  

Designing composite nanostructure also provides an effective and achievable way to take 

advantage of the possible synergistic effect to extend the light absorption capability as well as 

inhibiting the recombination rate of charge carriers. The constructed composite material can be 

a metal (Pt, Ag or Au etc.), a carbon material (C60, GO or carbon nanutubue etc.) or a 

semiconductor. So far, the most widely reported composite photocatalyst is Bi2WO6/TiO2, 



- 44 - 

 

which benefits from well-matched band potentials of Bi2WO6 and TiO2 with an intimate contact 

heterojunction between them. It shows much enhanced photocatalytic activity towards removal 

of various environmental contaminants including acetaldehyde, methylene blue, and stearic 

acid, etc. [204-206]. The limitation lies in the UV-responsive inherence of TiO2, which could 

be substituted by other visible-light-driven semiconductors such as g-C3N4, WO3, Co3O4, Bi2O3, 

and CdS, etc [207-214]. Constructing these semiconductors with Bi2WO6 would lead to the 

enhanced photocatalytic efficiency and extended visible light excitation as well. 

 

2.5.3.3 Summary and outlook 

As stated above, significant progresses have been achieved in the development of highly 

efficient bismuth tungstates as photocatalysts with applications in environmental purification 

and solar energy conversion. Still, there are a few challenges and difficulties to be conquered 

on the way for scalable applications. The most weakening point is the poor reduction ability 

for the photo-induced electrons lying in the relatively low conduction band of Bi2WO6, which 

is the main obstacle for faster separation of electron-hole pairs. During the fabrication of an 

efficient nanosized photocatalyst, quantum size effects should be taken into consideration to 

obtain bismuth tungstates with a smaller size and a better performance. Last but not least, 

surface defects and crystal facet tailoring are anticipated to receive more attention in the future 

study. Combining these with computational calculations, in-depth mechanism and principles 

of photocatalytic process can be revealed clearly. 

 

2.6 Conclusions and perspectives 

Over the past few decades, photocatalysis has been proven to provide a feasible route to 

solve two worldwide critical issues of environmental pollution and energy crisis. Specifically, 

hydrogen evolution via the photocatalytic process from water splitting or PEC process is a 

promising technique, which draws enormous attention recently. The approach of photocatalytic 

water splitting is potentially economical and scalable to directly convert sustainable solar 

energy to hydrogen fuels by virtue of highly efficient photocatalysts. Herein, bismuth-based 

and g-C3N4-based photocatalysts were systematically examined as two visible-light-responsive 

representatives for achieving promising photocatalytic performances. Main fabrication 

techniques and modification strategies have been elaborated based on the present research 

findings. Recent research hotspots mainly focus on the morphology and facets control, 

construction of heterojunction composites and introduction of surface defects such as oxygen 
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vacancies. Charge transfer mechanism for most of the constructed heterostructure composites 

follows a type-Ⅱor Z-scheme heterojunction principle for a drastically facilitated separation 

and migration of electron-hole pairs to enhance the photocatalytic efficiency.  

Although significant achievements have been made during the past few years, there are still 

full of challenges to meet the realization of scalable production of as-synthesized quantum 

sized nanoparticles in practical applications. Future studies should attach more importance to 

the following aspects: (1) exploring in-depth mechanism to understand the active sites in 

photocatalytic reactions; (2) combining theoretical calculation with innovative approaches for 

the design of site-selective loading of co-catalysts and crystal facet tailoring of photocatalysts; 

(3) developing new strategies for exploiting efficient visible light absorption to higher 

wavelength ( above 500 nm) to minic the natural photosynthesis process; (4) discovering green 

and simple synthesis techniques without any secondary hazards; and (5) establishing robust 

and stable linkage between photocatalyst and cocatalyst with easy reuse and recycle. Looking 

into the future, it is highly anticipated that the objectives of creating a clean environment and 

conquering the energy crisis could be achieved with green and efficient photocatalysts. 
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Chapter 3. Preparation of p-n Heterojunction of 

BiFeO3@TiO2 with a Core-Shell Structure for Visible 

Light Photocatalytic Degradation 
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Abstract 

 

Recently, bismuth-based visible light photocatalysts have attracted much attention due to 

their high photocatalytic activity and stability. Magnetically separable BiFeO3 nanoparticles 

were fabricated by a citrate self-combustion method and then coated with TiO2 by hydrolysis 

of Ti(OBu)4 to form bismuth ferrite@TiO2 core-shell nanocomposites with different mass 

ratios. The photocatalytic performances of the catalysts were comprehensively investigated via 

photocatalytic oxidation of methyl violet (MV) under both UV and visible light irradiations. 

The BiFeO3@TiO2 samples exhibited better photocatalytic performances than either BiFeO3 

or TiO2, and the BiFeO3@TiO2 (mass ratio of 1:1) sample with TiO2 shell of 50-100 nm 

thickness showed the highest photo-oxidation activities. The enhancement of photocatalytic 

activities could be ascribed to the formation of p-n junction of BiFeO3/TiO2 with improved 

charge separation efficiency as well as strong light absorption ability. The 

photoelectrochemical Mott-Schottky (M-S) measurements show that the charge carrier 

transportation and donor density of BiFeO3 were drastically enhanced after introduction of 

TiO2. The mechanism of MV degradation is mainly attributed to hydroxyl radicals and photo-

generated electrons based on energy band theory and the building of an internal electrostatic  

field. In addition, its unique core-shell structure also favors the charge transfer at the 

BiFeO3/TiO2 interface via increasing the contact area between BiFeO3 and TiO2. Finally, its 

photocatalytic activity was further evaluated by degradation of other industrial dyes under 

visible light irradiations. 

 

 

3.1 Introduction 

 

Rapid consumption of fossil fuels will lead to both environmental pollution and energy crisis. 

One promising solution falls into the efficient utilization of solar energy, which is abundant 

and clean [1]. So far, it has been widely used for solar cells [2], water splitting [3-5], 

photocatalytic CO2 reduction and hydrogen production [6-9], as well as removal of 

environmental pollutants [10-13]. Among various photocatalysts, TiO2 has been proven to be 

one of the most popular catalysts in solar-energy utilization due to its high chemical stability, 

low toxicity, and low cost [14]. However, its wide band gap (Eg=3.2 eV) has limited its 

performance to UV light irradiation, which occupies only 4% of solar radiation. Therefore, 
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fabrication of efficient visible–active photocatalysts with a high visible light absorption 

capacity is of great importance. Another key bottleneck limiting the practical application of 

photocatalysis is the low quantum yield due to easy recombination of the photogenerated 

electron-hole pairs [15]. Therefore, various modification strategies have been developed to 

overcome the above barriers, for example, dye sensitization [16] and impurity doping [17, 18] 

as well as metal oxide coupling [19]. Among all these strategies, heterogeneous coupling has 

been proved to be a promising and practical way to improve photocatalytic activity by lowering 

the recombination rate of photo-generated carriers [20-22]. Luo et al. [23] used Fe2O3 and 

BiFeO3 to sensitize SrTiO3 shell to visible light and the core-shell structured nanocomposites 

with some magnetic materials as a core and TiO2 as a shell are attracting research interest [24-

26]. 

As a typical perovskite material, BiFeO3 exhibits both ferroelectric and magnetic 

polarization [27-30]. Its internal polarization will usually lead to band bending and 

subsequently drive photogenerated carriers in opposite directions [31-33] to inhibit the 

recombination, thus enhancing photocatalytic efficiency. In addition, BiFeO3 has been reported 

to be a typical visible-light-responsive photocatalyst due to its relatively narrow band gap (Eg 

= 2.2-2.7 eV) [34]. Zhang et al. fabricated TiO2/BiFeO3 heterostructures, suggesting that 

BiFeO3 has helped weaken the recombination of photogenerated electrons and holes [35]. Li 

et al. had synthesized a unique BiFeO3@TiO2 core-shell structure via a hydrothermal method 

and this nanocomposite showed a higher photocatalytic activity than pure BiFeO3 under visible 

light irradiation. It is inferred that some heterojunction structures have been formed so that the 

interfacial charge transfer has been promoted accordingly [36]. Zhu et al. [37] prepared 

BiFeO3/TiO2 nanotube array composite electrode and found that the surface modification by 

BiFeO3 nanoparticles can efficiently improve the photochemical properties of TiO2 nanotubes 

due to further utilization of visible light. However, the exact mechanism of BiFeO3@TiO2 core-

shell nanocomposite is not clear, further experimental and theoretical studies need to be 

conducted to better understand the intrinsic relations between its high photocatalytic activity 

and interfacial structures. 

In this chapter, core-shell structured BiFeO3@TiO2 nanocomposites were synthesized by a 

citrate self-combustion and TiO2 coating procedure controlled by the hydrolysis of Ti(OBu)4 

with different mass ratios. The crystal structure, optical properties and morphologies of the 

nanocomposites were systematically characterized and investigated. The photocatalytic 

performances of the powders were studied via photocatalytic oxidation of methyl violet (MV) 

under both UV and visible light irradiations. The photoelectrochemical properties of the 
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heterojunction system were studied to confirm the formation of p-n heterojunction interface 

between p-BiFeO3 and n-TiO2 with enhanced charge carrier transportation and donor densities. 

Furthermore, a series of quenching tests were conducted to investigate the mechanism for dye 

photodegradation. Moreover, the optimal reaction conditions were studied for MV degradation 

under visible light irradiations. Finally, the core-shell structured BiFeO3@TiO2 

nanocomposites were also applied for degradation of other dye pollutants. 

 

3.2 Experimental section 

3.2.1 Materials 

Methyl violet, methyl orange and congo red (AR, Tianjin Chemical Company, China) were 

chosen as the model pollutants.  

Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O, 99%, AR, Xilong Chemical Corporation), 

iron nitrate non-anhydrate (Fe(NO3)3.9H2O, 98.5%, AR, Nanjing Chemical Company), 

anhydrous ethanol (C2H5OH, 99.7%, Jiuyi Chemical Reagent Co. Ltd., China), nitric acid, 

ammonium hydroxide (AR, Nanjing Chemical Company), citric acid (AR, Guoyao Group 

Chemical Reagent Co. Ltd.), PEG (CP, Xilong Chemical Corporation), tetrabutyl orthotitanate 

(Ti(OBu)4; AR, Jiangsu Yonghua Chemical Company), and acetylacetone (AR, Jiangsu 

Yonghua Chemical Company) were employed for fabrication of BiFeO3@TiO2 catalysts and 

deionized (DI) water were used in all the experiments. Benzoquinone (98%, p-BQ), 

ammonium oxalate monohydrate (AO, 99.0%) and tert-butyl alcohol (TBA, 99.5%) were 

purchased from Sigma-Aldrich. 

 

3.2.2 Sample Preparation  

BiFeO3 nanoparticles were fabricated by a citrate-nitrate combustion method [38]. In a 

typical synthesis, equal moles of Fe(NO3)3.9H2O and Bi(NO3)3.5H2O were dissolved in 100 

mL of nitric acid solution（volume ratio of nitric acid and distilled water is 1:5）adjusted its 

pH to about 4-5 by adding nitric acid and ammonium hydroxide, and then equal molar citric 

acid was added to the above solution with continually stirring for half an hour at 50 °C. Then 

certain amount of PEG was added to the mixed solution (0.5 g PEG equals to 2.5 mmol 

Bi(NO3)3.5H2O) and followed by 0.5 h ultrasonication. Subsequently, this suspension was 

heated at 80 °C to obtain the BiFeO3 xerogel powders. Then the xerogel powders were annealed 

at 500 °C for 2 h and the BiFeO3 nanoparticles were obtained.  
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TiO2 coating is controlled via hydrolysis of Ti(OBu)4 in the presence of BiFeO3 powders 

according to the published method with minor modification [36]. The starting reaction mixture 

comes from two solutions of A and B. Solution A contains suitable amounts of Ti(OBu)4 

(nominal mass ratios of BiFeO3:TiO2=1:2,1:1,2:1, respectively) and 2.5 mL acetylacetone in a 

solvent mixture containing 100 mL ethanol and 2 mL DI water. Solution B is composed of 100 

mL ethanol mixed with 1.2 g of dispersed BiFeO3 powder. The pH value was adjusted to about 

5-6 by HNO3. Then solution A was slowly added to solution B under vigorous stirring for 2 h 

in an ultrasonic bath. Subsequently, this suspension was heated under reflux at 80 °C for 2 h to 

improve the cross-linking of Ti(OH)4 on the surface of BiFeO3 nanoparticles. Then the 

products were washed and dried at 70 °C for 24 h. Finally, the as-prepared powders were 

calcined at 500 °C for 2 h in air. Meanwhile, pure TiO2 nanoparticles were obtained by 

hydrolysis of the Ti(OBu)4 solution under the same experimental conditions in the absence of 

BiFeO3 powders. 

 

3.2.3 Characterization Techniques 

X-ray diffraction analysis (XRD) for crystal structure of the samples was conducted with Cu 

Kα radiation in a X′TRA diffractometer (ARL Company, Swiss). The surface morphology and 

structure of the catalysts were studied via scanning electron microscopy (SEM) on QUANTA 

FEG 250. Transmission electron microscopy (TEM) was operated using 200CX (JEOL 

Company, Japan) to observe the morphologies. UV-Visible diffuse reflectance spectra (DRS) 

of the solid materials were performed on a SHIMADZU UV-2401 UV-Vis spectrophotometer 

equipped with an integrated sphere attachment. The photoluminescence (PL) spectra of the 

samples were measured on a Horiba Fluorolog 3-22 type fluorescence spectrophotometer. 

 

3.2.4 Evaluation of Photocatalytic Activity  

The photocatalytic activities were evaluated by the degradation of methyl violet (MV) in 

aqueous solutions under UV light (CEL-LAX Xe lamp 400W; cut-off filter < 400 nm; light 

intensity at 268 mW/cm2) and visible light (CEL-LAX Xe lamp, 400W; cut-off filter 350~680 

nm; light intensity at 405 mW/cm2), the concentrations of the dye solutions were measured by 

a UV-vis spectrometer (Perkin-Elmer Lambda 900UV/vis/NIR, Waltham, MA). The reactor 

was a Pyrex top-irradiation vessel equipped with a flow of circling water to control the reaction 

temperature. Prior to irradiation, the suspensions were magnetically stirred in the dark for 1.0 

h to ensure the establishment of an adsorption/desorption equilibrium. Quenching tests were 
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carried out with addition of radical scavengers of TBA, AO and BQ under the same conditions. 

All the measurements were performed at room temperature.  

 

3.2.5 Photoelectrochemical Measurements 

The photoelectrochemical characterization was carried out on a Zahner Zennium 

electrochemical workstation with a standard three-electrode system. The prepared samples 

were deposited onto the as-washed FTO glass (controlled area of 1 cm2) using a dip-coating 

method to serve as the working photoanode. Pt wire and Hg/Hg2Cl2/saturated KCl (SCE) were 

applied as the counter and reference electrodes, respectively. A Na2SO4 aqueous solution 

(0.05M, pH=6.8) was used as the electrolyte. A 300 W Xenon lamp (Philip) coupled with an 

AM 1.5 G filter was employed as the simulated sunlight source (I0=100 mW. cm-2). 

 

3.3 Results and Discussion 

3.3.1 Morphology and Structure 

 XRD analysis 
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Figure 3.1. XRD patterns of the as-prepared samples. 

 

Figure 3.1 shows the crystal structures of the as-synthesized BiFeO3, TiO2, and 

BiFeO3@TiO2 nanocomposites with different mass ratios. The obtained TiO2 sample consists 

of both anatase ([101], [004] and [200] planes) and rutile phases ([110], [211] and [220] planes). 

All the diffraction peaks in Figure 3.1e should be ascribed to a perovskite phase BiFeO3 [39] 

with a high diffraction intensity. Furthermore, the average crystalline size was calculated to be 
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39 nm from the Scherrer’s formula [40], assuming that the small crystallite size is the only 

reason for line broadening of XRD peaks. As for the BiFeO3@TiO2 nanocomposites with 

different mass ratios, they possess more typical peak characteristics of BiFeO3 than TiO2 

nanoparticles, and no impurity peaks can be observed, which confirms that there is no impurity 

phase formation in the interface between TiO2 shell and BiFeO3 core. Additionally, with an 

increase in TiO2 content, the relative intensity of the peaks of TiO2 increased obviously, 

especially for rutile [110] crystal plane. 

 

TEM analysis 

Figure 3.2. TEM (a), (b) and HRTEM(c) images of BiFeO3/TiO2 nanocomposites (mass ratio of 1:1). Inset 

in (c): SAED pattern. (red lines represent BiFeO3 while white lines represent TiO2.)  

 

TEM analysis has been carried out to further investigate the BiFeO3@TiO2 interaction. The 

TEM photographs of BiFeO3@TiO2（mass ratio=1:1) are shown in Figure 3.2a and 3.2b. The 

contrast between dark core and gray shell can be clearly observed, indicating that the TiO2-

coated BiFeO3 nanoparticles have formed in a BiFeO3 core/TiO2 shell structure, that is, the 

(a) (b)

(c)

http://www.sciencedirect.com/science/article/pii/S0304389406009253#bib20
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BiFeO3 particles have been encapsulated uniformly by TiO2 nanocrystalline shells. The 

thickness of TiO2 shell edge on the core BiFeO3 particles are in the range of 50-100 nm. At 

higher magnification of HRTEM in Figure 3.2c, the lattice spacings for the crystalline planes 

were measured to be 0.230, 0.250 and 0.320 nm, corresponding to the (006) plane of perovskite 

BiFeO3, (101) and (110) planes of rutile TiO2, respectively, which is in good agreement with 

the previous report [41]. It can be further observed in the HRTEM image in Figure 3.2c that 

BiFeO3 core is surrounded by the TiO2 structures with distinct junction interface. Selective-

area electron diffraction (SAED) pattern (inset of Figure 3.2c) indicates that typical crystal 

planes of TiO2 correspond with XRD results of Figure 3.1a. 

 

SEM analysis 

 

Figure 3.3. SEM image of (a) pure BiFeO3 and (b) BiFeO3@TiO2（mass ratio=1:1). 

 

The surface morphology and structure of the as-prepared BiFeO3 and BiFeO3@TiO2（mass 

ratio=1:1) were studied by SEM analysis. Figure 3.3a reveals that pure BiFeO3
 nanoparticles 

show irregular shapes and uneven surface with agglomeration to some extent. As for 

BiFeO3@TiO2 (mass ratio=1:1), it could be found in Figure 3.3b that BiFeO3 particles have 

been coated with TiO2 films with uniform spherical particles and relatively smooth surface. 

 

3.3.2. Optical Properties  

 UV-vis analysis 

UV–vis diffuse reflectance spectra of TiO2, BiFeO3 and BiFeO3@TiO2（mass ratio=1:1) 

catalysts are shown in Figure 3.4. The results demonstrate that the broad band gap of pure TiO2 

(b)(a)
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shows narrow absorption edges below 385 nm. While BiFeO3 semiconductor is a visible light 

responsive photocatalyst with a narrow band gap. It can be clearly seen that the TiO2-coated 

BiFeO3 nanocomposites show a red shift and increase in the optical absorption. The spectral 

response in the visible region of the BiFeO3@TiO2 is mainly attributed to the 

photosensitization of BiFeO3. When the two semiconductors are in contact, electronic 

interaction occurs at their contact point. The internal spontaneous polarization within the 

ferroelectric domains of BiFeO3 leads to band bending, which will drive photo-induced 

electrons and holes in opposite directions and effectively inhibit their later recombination with 

enhanced photocatalytic efficiency [35]. A further observation indicates that, within UV light 

range, pure TiO2 shows the highest light absorption capacity, while for visible light range, 

BiFeO3@TiO2 (mass ratio=1:1) owns much more excellent photo-absorption, leading to higher 

production of electron-hole pairs. The optical band gap energy Eg of TiO2, BiFeO3 as well as 

BiFeO3@TiO2（mass ratio=1:1) were estimated to be around 2.96, 1.68 and 1.77 eV, 

respectively, by extrapolating the linear portion of their UV-vis spectra to zero in Figure 3.5 

(a-c), in which the plots of (ηhν)1/2 vs. hν (Kubelka-Munk) were transformed based on UV-vis 

DRS spectra in Figure 3.4. TiO2 is a blend phase of both anatase and rutile with the rutile phase 

predominating in the composition, its band gap is also consistent with the reported data [42]. 

Figure 3.4. UV-vis diffuse reflectance spectra of TiO2, BiFeO3 and BiFeO3@TiO2（mass ratio=1:1). 
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Figure 3.5. The plots of (αhv)
 1/2

 versus band gap energy (hv) of (a) BiFeO
3
, (b) TiO

2
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(c)BiFeO
3
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2
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Photoluminescense spectrum 

Figure 3.6 shows the photoluminescence spectra of TiO2 (blue line) and BiFeO3 

nanoparticles (black line) as well as the core-shell nanocomposites of BiFeO3@TiO2 (mass 

ratio=1:1) (red line) measured at an excitation wavelength of 350 nm. Two main emission 

peaks could be found at about 519 nm and 564 nm for pure TiO2 nanocrystallites, which should 

be attributed to shallow traps of oxygen vacancies (OVs) [43]. As for pure BiFeO3 sample, the 

main peak was centered at about 566 nm, which could be attributed to oxygen vacancies also 

[44, 45]. Once BiFeO3 is coupled with TiO2, the photoluminescence drops markedly, which 
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could be due to the efficient transfer of photo-excited holes and electrons between BiFeO3 and 

TiO2, leading to a low recombination probability for electron-hole pairs. 
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Figure 3.6. PL spectrum of TiO2、BiFeO3 and BiFeO3@TiO2（mass ratio=1:1). 

 

3.3.3 Photocatalytic Degradation of Methyl Violet 

Comparison of Photocatalytic Activity 

The photocatalytic activity of the as-synthesized samples was studied using MV as a 

substrate under UV and visible irradiation, respectively. All the reactions were conducted under 

the same conditions: initial concentration of 15 mg/L, catalyst dosage of 1 g/L, pH=5 with 

solution volume of 300 mL. Figure 3.7a represents the photocatalytic degradation of MV using 

the following catalysts: BiFeO3@TiO2 nanocomposites with mass ratio of 1:2, 2:1 and 1:1; 

pure TiO2 as well as pure BiFeO3 under UV irradiation condition. From Figure 3.7a, it can be 

seen that only 30% of MV can be removed without any catalysts. Pure TiO2 nanoparticles show 

high performance in degrading MV molecules, achieving 89% removal rate after 180 min of 

reaction, showing that TiO2 is a high efficient UV absorbing material with high photocatalytic 

activity. In addition, TiO2 possesses the highest degradation rate among all photocatalysts 

including BiFeO3@TiO2 (with mass ratio of 1:1), especially during the first 90 min, which 

confirms that TiO2 is an excellent UV light responsive photocatalyst. As for 

BiFeO3@TiO2(with mass ratio of 1:1), the initial degradation rate for MV is slower than that 

of pure TiO2, but its final removal rate achieves 93%, exhibiting extremely high photocatalytic 

activity under UV irradiation, which is in accordance with UV-vis absorption spectra. 
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According to pseudo-first-order kinetics [46], the apparent first-order rate constants (kapp) were 

obtained as a comparative parameter for photocatalytic activity of different catalysts.  

Figure 3.7. Comparison of photocatalytic activity of different samples for C0 =15 mg/L, catalyst 1g/L, 

pH=5 with MV under (a) UV light irradiation; (b) visible light irradiation. 

 

The calculation results based on Figure 3.7a and Figure 3.7b are presented in Table 3.1. This 

result underlines that light absorption capacity of the photocatalyst stands out to be a major 

factor in determining its final photocatalytic performance. Apparent first-order rate constants 

(kapp) for different photocatalysts under visible light irradiation (Table 3.1) suggest TiO2 was 

severely hindered due to its wide band gap, while BiFeO3 exhibits much better performance 

with a narrower band gap [47].  

It can be seen from Figure 3.7b that all the composite catalysts possess a higher activity than 

pure TiO2 or BiFeO3. In addition, their photocatalytic activity for degrading MV is in the 

following order as1:1>2:1>1:2. BiFeO3@TiO2(with a mass ratio of 1:1) demonstrated nearly 

95% of MV removal after 150 min. The reason that BiFeO3@TiO2 (with a mass ratio of 1:1) 

outperforms the other ratios will be explained in later sections. As a typical perovskite material, 

BiFeO3 exhibits both ferroelectric and spontaneous polarization properties that give rise to the 

efficient separation of charge carriers. The built internal fields in BiFeO3 effectively inhibit the 

recombination of the charge carriers, leading to an enhanced photocatalytic efficiency. More 

specifically, the number of separated carriers will increase with the broadened space-charge 

width, which will enlarge the dielectric constant of BiFeO3 [48]. The synthesized BiFeO3 in 

this work is different from the catalysts in previous reports. Firstly, the band gap of the BiFeO3 

in this study was measured to be narrower (1.68 eV) than those from previous reports of 2.1-

2.5 eV [49, 50]. This tuned reduction in band-gap energy could be due to the distortion induced 
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in Fe-O octahedral rearrangement of molecular orbitals [51]. Besides, the particle size of the 

catalyst presented here was much smaller with an average crystalline size of 39 nm [50]. These 

two features bring in larger surface areas as well as greater numbers of electrons excited from 

valence band, which are favorable for generation of reactive species for photodegradation [52] 

 

Table 3.1 Photodegradation rate constants of various catalysts under UV and visible light. 

Light Irradiation Photocatalysts Kapp (min−1) R2 

UV 

TiO2 0.0153 0.954 

BiFeO3@TiO2(1:1) 0.0145 0.980 

BiFeO3@TiO2(2:1) 0.0108 0.989 

BiFeO3@TiO2(1:2) 0.0094 0.991 

BiFeO3 0.0083 0.992 

Visible 

BiFeO3@TiO2(1:1) 0.0184 0.984 

BiFeO3@TiO2(2:1) 0.0157 0.982 

BiFeO3@TiO2(1:2) 0.0155 0.977 

BiFeO3 0.0142 0.979 

TiO2 0.0025 0.988 

 

 

Photocatalytic mechanism of BiFeO3@TiO2 heterojunction 

 

The core-shell structured BiFeO3@TiO2 shows a much higher photocatalytic activity, which 

is mainly due to the suppression of charge recombination, strong photo-absorption ability as 

well as the unique core-shell structure geometry. The reduced electron-hole recombination rate 

should be ascribed to the new electronic-accumulation centers formed by electronic interaction 

of the two semiconductors, which will effectively separate the electrons and holes, leading to 

high quantum efficiency. In addition, the obvious redshift on photo-absorption spectrum is 

mainly induced by Fe or Bi/Ti inter-diffusion on the interfaces. Theoretically, an inner electric 

field with the direction from TiO2 to BiFeO3 will be constructed simultaneously when p-type 

BiFeO3 and n-type TiO2 come in contact and form the p-n heterojunction interface [53-54]. 

Driven by the inner electric field, the holes and electrons will flow towards the opposite 

direction, thus leading to the efficient separation of the photo-generated electrons and holes 

with enhanced photocatalytic activity.  

    To further explore the nature of the p-n heterojunction, Mott-Schottky (M-S) 

measurements were performed to study flat band potentials of the semiconductors [55]. The 



- 67 - 

 

details of testing process were depicted in experimental section. All three plots were shown in 

Figure 3.8(a-c). According to equation (3.1) [56], the flat band potentials at the electrode-

electrolyte interface could be estimated from the plots. 

 

1/C2= (2/εrε0eNdA
2) [(V-Vfb)-kT/e]                                    3.1 

 

When plotting 1/C2 (C is the specific capacity) versus V (V is the applied potential), Vfb (the 

flat band potential) could be easily found by extrapolating the linear portion of the plots to zero. 

It can be seen from Figure 3.8(a) and Figure 3.8(b) that, as-synthesized TiO2 is a typical n-type 

semiconductor with a positive slope of the M-S plot. While for pure BiFeO3, a p-type 

semiconductor is observed with a negative slope of the plot. The flat band potentials of n-type 

TiO2 and p-type BiFeO3 were calculated from the x-axis intercept to be 0.25 V and 1.51 V vs. 

RHE, respectively [55]. More interestingly, once they were coupled to form a heterojunction, 

an inverted ‘V-shape’ appeared for Figure 3.8(c), suggesting a p-n heterojunction characteristic 

has been formed with two different electronic behavior [55]. Based on above equation (3.1), 

the density of charge carriers could be calculated from the slopes of the M-S plots. The doping 

densities of n-type TiO2, p-type BiFeO3 and BiFeO3@TiO2 were measured to be 9.43× 1018, 

1.969× 1018 and 3.773×1018 in the dark, respectively. The increase of doping densities indicates 

that charge carrier transportation of BiFeO3 nanoparticles have been efficiently enhanced after 

being coated with TiO2 films, which helped to prove the creation of p-n heterojunction interface 

as a sufficient space charge layer. 

  To further explore the mechanism of MV degradation, quenching tests were conducted to 

verify roles of different reactive species in Figure 3.9. As a typical ∙O2
− scavenger, 

benzoquinone (BQ) was added to the reaction system. The results showed that the reaction rate 

did not decrease with the addition of BQ compared with the reaction without any scavenger, 

considering dark adsorption amount in the first 60 min. This result shows that no ∙O2
− radicals 

were produced in the reaction solution. Furthermore, TBA and ammonium oxalate (AO) were 

adopted to trap ∙OH radicals and holes, respectively. The degradation rate of MV decreased a 

little with addition of 0.01 M TBA as a scavenger of ∙OH radicals, which indicates that the 

photocatalytic activity of BiFeO3@TiO2 heterojunction is suppressed by the addition of TBA. 

However, addition of AO has promoted the faster degradation of MV with degradation rate 

constant increasing from 0.0195 min-1 to 0.0254 min-1, which can be inferred that dye 
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degradation did not achieve via holes. According to studies with similar findings [57-59], MV 

degradation should be ascribed mainly to electrons and ∙OH radicals as well. The trapping of 

holes by AO has effectively inhibited the recombination of electrons and holes. Obviously, 

photo-generated electrons play the most important role in the photodegradation process. 

Figure 3.8. Mott-Schottky curves of (a) TiO2, (b)BiFeO3 and (c)BiFeO3@TiO2 (1:1). 

   

Based on above photo-physical as well as electrochemical characterization results, energy 

band structure and photocatalytic mechanism are illustrated in Figure 3.10, Assuming the gap 

between flat band potential and bottom edge of conduction band (top edge of valence band for 

p type) is negligible for n-type semiconductors [60-61], the conduction band position of TiO2 

and the valence band position of BiFeO3 could be estimated as indicated in Figure 3.10. Given 

the obtained optical band gap values, it is not difficult to calculate the valence band position of 

TiO2 as well as the conduction band position of BiFeO3. BiFeO3 has a relatively high 
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conduction band due to Ti doping [23, 36], therefore, electrons can be excited from the partially 

filled d orbitals of Fe3+ to the Ti 3d orbitals of TiO2 even under visible light. According to the 

energy band structure theory, electrons from the CB of BiFeO3 will be transferred to the lower 

lying CB of TiO2 to form an electron center, while the holes from the VB of TiO2 will be 

transferred opposite to the VB of BiFeO3 to form a hole center. After coupling of these two 

semiconductors, an internal electrical field (Einternal) will be formed with direction from TiO2 to 

BiFeO3, leading to much more efficient charge separation. As illustrated in Figure 3.10, the 

Fermi level of n-TiO2 is close to its conduction band, whereas for p-BiFeO3, the Fermi level is 

close to its valence band. After the formation of p-n heterojunctions between these two 

semiconductors, their respective valence bands as well as conduction bands will be realigned 

due to thermal equilibrium of their different Fermi levels [55].  
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Figure 3.9. The quenching tests with addition of TBA, benzoquinone (BQ) and ammonium oxalate (AO) 

for C0=15 mg/L, catalyst 1g/L, pH=5 with MV under visible light irradiation.  

 

These separated e− and h+ can participate in the photocatalytic reactions to directly or 

indirectly decompose organic compounds such as MV, involving partially oxidizing H2O to 

∙OH by h+. Compared with the standard reduction potential of ∙OH/H2O (2.27 eV) or ∙OH/OH– 

(2.38 eV) [54], the VB potential of BiFeO3 is only 1.51 eV vs. RHE (1.11 vs. NHE), indicating 

that most of h+ on the surface of BiFeO3 cannot oxidize H2O or OH– into ∙OH. Fortunately, the 

VB potential of TiO2 is 3.21 eV vs. RHE (2.81 vs. NHE), which is positive enough to oxidize 

H2O or OH– into ∙OH radicals. Furthermore, the reduction potential of O2/∙O2
– is −0.33 eV [54], 
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the CB edge potential of TiO2 (0.25 eV vs. RHE or -0.15 vs. NHE) is not negative enough to 

reduce O2 to ∙O2
– radicals. Most of the electrons will induce dye degradation due to retardation 

of electron-hole recombination, which also confirms the results from quenching tests. 

Therefore, the enhanced photocatalytic activities of the BiFeO3@TiO2 nanocomposite can 

be mainly ascribed to the efficient charge separation and transfer at the junction interfaces 

formed between the two semiconductors assisted by the inner electric field with matching band 

potentials of the two components. As a consequence, it effectively inhibits the recombination 

of the photo-generated electrons and holes, which is also in accordance with the 

photoluminescence testing results.        

Figure 3.10. Schematic diagram of energy band structure and proposed mechanism (a) before contact; (b) 

after formation of TiO2 and BiFeO3 p-n heterojunction. 

 

Another driving force may come from BiFeO3 as a ferroelectric semiconductor. It has 

internal dipolar fields that will help facilitate the migration of electrons and holes and may 

reduce recombination. Electrons generated in BiFeO3 can be transported to the surface of TiO2, 

which is favored in the ferroelectric domains with a positive polarization pointed toward the 

surfaces and helps enhance the photocatalytic oxidation efficiency [35]. Furthermore, UV-vis 

diffuse reflectance spectra show that BiFeO3@TiO2 exhibits much higher light absorption 

ability with its absorption edge reaching further out in the visible region, leading to production 

of more electron-hole pairs, which is another factor for enhancing the photocatalytic activity 

of semiconductors. In addition, the enhanced contact area between semiconductors of TiO2 and 
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BiFeO3 is partly due to its unique core-shell structure, which also speeds up the charge transfer 

at the BiFeO3/TiO2 interface. It can be inferred that different thickness of TiO2 shell can be 

achieved by changing the loading amount of TiO2 in the synthesis process. It is known that 

BiFeO3 is deposited with suitable amounts of TiO2 only, both BiFeO3 and TiO2 can efficiently 

form the p-n heterojunction interface to speed up the photocatalytic process. Also, TiO2 at too 

high or too low concentration is not favorable to form a BiFeO3@TiO2 core-shell structure with 

high efficient charge transfer. These theoretic analyses also coincided with the photocatalytic 

activity, which proves that BiFeO3@TiO2 (at a mass ratio of 1:1) shows the optimal 

photocatalytic performance. When the content of TiO2 increases, the excess amounts of TiO2 

in the sample may also shield the photocatalyst from visible light, resulting in the decrease in 

the photocatalytic activity. The exact mechanism is not very clear, further experimental and 

theoretical work is desirable to understand the interfacial electronic structures as well as the 

detailed effect of TiO2 shell loading on the formation of heterojunction interface. 

 

Influences of reaction conditions on MV degradation 

a. Effect of catalyst dosage 

The effect of catalyst dosage of BiFeO3@TiO2 (with a mass ratio of 1:1) on MV 

decomposition was studied in Figure 3.11(a) with the catalyst dosage ranged from 0.5 to 

1.5 g/L. The best degradation efficiency was observed when the catalyst dosage was increased 

to 1 g/L. Increasing amount of TiO2 particles dispersed in the solution may weaken the 

penetration of the incident light, and thus lead to reduction in the percentage of dye 

decomposition. Note that only appropriate amount of catalyst could facilitate the generation of 

active species, thus speeding up the rate of dye degradation with high transparency. Based on 

this study, 1.0 g/L BiFeO3@TiO2(with a mass ratio of 1:1) was chosen as the optimal catalyst 

dosage under the reaction conditions. 

 

b. Effect of Initial concentration of MV 

Degradation of MV with initial concentration from 10 to 20 mg/L in the photocatalytic 

process is depicted in Figure 3.11(b). It can be seen that with the increase of initial dye 

concentration, the degradation efficiency gradually decreases. It seems that this catalyst was 

efficient in degrading MV polluted water with concentration less than 20 mg/L with 

degradation rate over 80%. Considering the practical application of the catalyst itself as well 

as for better decolorization efficiency, 15 mg/L was chosen as the initial concentration for MV 

in this study. 
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C. Effect of pH of initial solution 

Figure 3.11. Effects of (a) different catalyst dosage, C0=15 mg/L, pH=5 (b) initial concentration of MV, 

catalyst= 1g/L, pH=5 (c) pH of initial solution, C0=15 mg/L, catalyst= 1g/L on MV degradation with 

BiFeO3@TiO2 (1:1) under visible light irradiation. 

 

The effect of MV solution pH on photocatalytic reaction is depicted in Figure 3.11(c). As 

the increase of pH value from 5 to 7, degradation rate of MV drops, which could be ascribed 

to the structure of MV as well as surface charge of the catalyst powder. Some studies [62] 

showed that there are certain competitive relations between phenoxide ions and hydroxyls on 

surface of TiO2 particles. Other studies found that the adsorption of the substrate onto TiO2 

surface will have a direct impact on the adsorption between MV molecules and hydroxyls, 

leading to different photocatalytic degradation rate. In addition, isoelectric points of TiO2 

particles and BiFeO3 ceramics in water are around pH=6.8 [63] and pH=5.1 [64], respectively. 

Under acidic conditions, the catalyst will easily get protonized and carry positive charges, 

which would accelerate the transferring process of photo-generated electrons to the surface of 

the catalyst. When pH value comes above the isoelectric point of the catalyst, its surface will 

become negatively charged, and the number of adsorption sites may decrease accordingly.  
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3.3.4. Photocatalytic Degradation of Other Dyes with BiFeO3@TiO2 (mass ratio 1:1) 

To further prove the superior photocatalytic activity as well as practical applications for the 

BiFeO3@TiO2 (mass ratio 1:1), several experiments were run for other dye pollutants, methyl 

orange (MO) and congo red (CR), under the same reaction conditions. As can be seen in Figure 

3.12, both MO and CR underwent minor changes with visible light irradiation only. 

BiFeO3@TiO2 (mass ratio 1:1) plays a key role in degrading the dyes. After irradiation for 150 

min, the degradation rates of MO and CR reach 56% and 76%, respectively. As shown in the 

inset image of Figure 3.12, after each cycle of reaction, the as-synthesized BiFeO3@TiO2 

nanoparticles can be attracted towards the black magnet strongly, demonstrating its excellent 

performance on magnetic recycling as pure BiFeO3. It shows that this core-shell structured 

BiFeO3@TiO2 (mass ratio 1:1) could be widely used in dye degradations as an optimal visible 

light photocatalyst. Based on the analysis of the molecular structures of the three dyes, it could 

be deduced that the degradation efficiency of the dyes was closely related to the azo functional 

groups. All the dye molecular structures are listed in Table 3.2. Methyl violet contains no azo 

group in its structure, while methyl orange and congo red are mono-azo and di-azo dyes,  

Figure 3.12. Degradation of other dyes with BiFeO3@TiO2(1:1) for C0=15 mg/L, catalyst= 1g/L, pH=5  

under visible light irradiations. 

 

respectively. The cleavage of the N=N bond leads to the decoloration of the azo compounds, 

which is the first step of the oxidative process [65]. Besides the characteristics of the dye 

structures, the degradation of dyes also depend on other parameters such as pH value and 

catalyst concentration of the solution [66].  
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Table 3.2. Molecular Structures and characteristics of the dyes. 

 

Dye Molecular structure Application         
safety 

Methyl Orange             

N

N

N

S

-O

O

O

Na+

 

pH indicator 

 

mutagenic 

properties 

Methyl Violet 

N N

N+ Cl-

 

purple dye  

for textiles    

 

 

mutagen 

and mitotic 

poison 

 

 

 

Congo Red 

S

O-

O

O

NH2

N

N

N

N S

O-

O
O

H2N

Na+

Na+

 

pH  

indicator  

 

 

carcinogenicity& 

reproductive toxicity 

 

 

 

3.4. Conclusions 

A citrate self-combustion approach combined with a hydrolysis precipitation process was 

developed to synthesize nanocomposite photocatalyst BiFeO3@TiO2 with a core-shell 

structure. The BiFeO3@TiO2 heterojunction (with mass ratio of 1:1) exhibited much higher 

photocatalytic oxidation of different dyes (MV, MO and CO) under visible light irradiation, 

attributing to the efficient inhibition of charge recombination, strong light absorption ability as 

well as its core-shell structure geometry. The photoelectrochemical results confirm the 

formation of p-n heterojunction interface between p-BiFeO3 and n-TiO2, which enhances the 

charge carrier transportation and donor density, leading to the enhancement of the quantum 

efficiency. The mechanism of MV degradation was attributed to hydroxyl radicals and photo-
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generated electrons. The nanocomposites provide a new perspective in designing novel p-n 

heterojunction nanomaterials for practical application related to solar energy conversion.  
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Chapter 4. Three-Dimensional BiOI/BiOX (X = Cl or Br) 

Nanohybrids for Enhanced Visible-Light Photocatalytic 

Activity 
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Abstract 

 

    As typical bismuth-based complex oxides, three-dimensional flower-like BiOI/BiOX (X 

= Br or Cl) hybrids were synthesized via a facile one-pot solvothermal approach. With 

systematic characterizations by X-ray diffraction (XRD), scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), the Brunauer-Emmett-Teller (BET) 

specific surface area, X-ray photoelectron spectroscopy (XPS), and UV–vis diffuse 

reflectance spectra (DRS), the BiOI/BiOCl composites showed a fluffy and porous 3-D 

architecture with a large specific surface area (SSA) and high capability for light absorption. 

Among all the BiOX (X = Cl, Br, I) and BiOI/BiOX (X = Cl or Br) composites, BiOI/BiOCl 

stands out as the most efficient photocatalyst under both visible light and UV light irradiations 

for methyl orange (MO) oxidation. The reaction rate of MO degradation on BiOI/BiOCl was 

2.1 times higher than that on pure BiOI under visible light. Moreover, BiOI/BiOCl exhibited 

enhanced water oxidation efficiency for O2 evolution, which was 1.5 times higher than BiOI. 

The enhancement of photocatalytic activity could be attributed to the formation of a 

heterojunction between BiOI and BiOCl, with a nanoporous structure, a larger SSA, and a 

stronger light absorbance capacity especially in the visible-light region. The in situ electron 

paramagnetic resonance (EPR) revealed that BiOI/BiOCl composites could effectively evolve 

superoxide radicals and hydroxyl radicals for photodegradation, and the superoxide radicals 

are the dominant reactive species. The superb photocatalytic activity of BiOI/BiOCl could be 

utilized for the degradation of various industrial dyes under natural sunlight irradiation which 

is of high significance for the remediation of industrial wastewater in the future. 

 

 

 

4.1 Introduction 

In the past few decades, intensive research has been focused on the efficient utilization of 

solar energy as a promising and sustainable strategy to address the energy crisis and 

environmental contamination. Solar energy is a natural resource which is inexhaustible as well 

as environmentally-friendly [1–3]. Among the solar energy conversion and applications, such 

as photocatalytic decomposition of organic pollutants [4–6], solar cells [7], water splitting [8–

10], as well as catalytic CO2 reduction [11–13], the rational development of efficient 
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semiconductors and construction of optimal heterojunction nanocomposites to enhance the 

utilization of solar energy have turned out to be the two most effective techniques. Among the 

popular photocatalysts, TiO2 has been widely investigated due to its superb photocatalytic 

activity, good chemical stability, relatively low toxicity, and cost [14]. However, TiO2 can only 

absorb and respond to ultraviolet light due to its wide band gap (3.2 eV), which severely limits 

its practical applications in solar energy conversion. Recently, photocatalysts containing 

bismuth with high visible-light-induced activity have attracted considerable attention in 

designing novel photocatalysts, such as BiFeO3 [15], BiVO4 [16], Bi2MoO6 [17], Bi2WO6 [18], 

etc. Bismuth oxyhalides, BiOX (X = Cl, Br, I), have shown remarkable photocatalytic activity 

due to their unique structure and physicochemical properties [19–22]. The bismuth oxyhalides 

comprise of a layered structure of [Bi2O2] slabs interleaved by double slabs of halogen atoms 

with an internal static electric field, which could facilitate the rapid separation of photo-

generated electrons and holes. Among these new family members, BiOI shows the highest 

absorption capacity for visible light irradiation due to its relatively narrow band gap. However, 

the photocatalytic degradation of organics on pure BiOI is still unsatisfactory due to the high 

recombination rate of the photo-generated carriers, which constrains the photocatalytic activity 

for solar energy utilization. 

Heterogeneous coupling has been adopted as a fantastic strategy to improve photocatalytic 

activity by minimizing the recombination rate of photogenerated carriers. Meanwhile, a 

nanoporous structure with a large surface area is especially attractive for heterogeneous 

photocatalysis due to the multiple scattering effects [23]. Three-dimensional microstructure 

hybrids fabricated from nanoscaled building blocks may further contribute to the enhancement 

of catalytic performance by providing abundant transport paths for the reactants to arrive at the 

active sites. For the hybrid catalysts constructed with a heterojunction, both of the 

semiconductors would adjust their bandgaps to obtain the composite valence band (VB) and 

conduction band (CB), which could be tuned to be more suitable for visible light excitation. 

However, the intrinsic mechanism of the photocatalytic process over BiOI/BiOX (X = Cl or 

Br) composites is still uncertain. 

In this chapter, a simple one-pot solvothermal process was adopted to synthesize 3D 

BiOI/BiOX (X = Cl or Br) flower-like microspheres with a high specific surface area and 

superior visible light photo-absorption ability. The performances of the BiOI/BiOX (X = Cl or 

Br) composites and pure BiOX (X = Cl, Br, I) were evaluated by photo-oxidation of methyl 

orange (MO) under both UV and visible light irradiations. The BiOI/BiOCl composites also 

demonstrated an excellent activity for water oxidation under simulated solar light irradiations. 
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In addition, the information about the composite band structure and the reactive oxygen species 

in the photocatalytic process was unveiled for an in-depth mechanistic study. The composite 

was finally assessed for practical remediation of versatile industrial dyes under natural sunlight 

irradiations. 

 

4.2 Experimental Section 

4.2.1 Materials 

Bismuth (III) nitrate pentahydrate (Bi(NO3)3
.5H2O) was purchased from Sinopharm 

Chemical Reagent Co. Ltd, Shanghai, China. Ethylene glycol (HOCH2CH2OH), potassium 

iodide (KI), sodium bromide (NaBr), potassium chloride (KCl), and ethanol (CH3CH2OH, 

absolute) were obtained from Nanjing Chemical Reagent Co. Ltd, Nanjing, China. Methyl 

orange and methyl violet were purchased from Shanghai Sansi Co. Ltd, Shanghai, China. 

Direct black 38 was purchased from Tokyo Chemical Industry Co. Ltd. 5,5-dimethyl-1-

pyrroline N-oxide (DMPO, ≥98.0%) was purchased from Sapphire Bioscience Pty. Ltd., 

(Redfern, NSW, Australia). Silver nitrate (≥99.0%) and lanthanum (III) oxide (≥99.9%) were 

purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). All the chemicals are analytical 

reagents and were received without further treatment.  

 

4.2.2 Synthesis of BiOX (X = Cl, Br, I)  

 

The BiOX was synthesized via a simple solvothermal method. More specifically, 3.88 g 

Bi(NO3)3·5H2O and 1.33 g KI were dissolved in a 40 mL ethylene glycol solution, separately. 

Then the Bi(NO3)3 solution was dropped into the KI solution gradually with vigorous stirring 

for 5 min using a magnetic stirrer on a hotplate to form a homogeneous mixture. Then the 

solution was transferred to a 120 mL Teflon-lined autoclave, sealed, and treated in an oven at 

160 °C for 12 h and cooled down naturally. The precipitate was filtered and washed with 

deionized water and ethanol three times each, and finally dried in the oven at 60 °C for 24 h. 

BiOCl and BiOBr were prepared following the same protocol based on a mole ratio of 

Bi(NO3)3·5H2O:NaBr(KCl) = 1:1. 

  

4.2.3 Synthesis of BiOI/BiOX (X = Cl, Br) 

 



- 84 - 

 

    The BiOI/BiOCl and BiOI/BiOBr composites were prepared via a similar procedure 

according to a previous report with minor modifications [24]. In a typical procedure, 1.96 g 

Bi(NO3)3
.5H2O was dissolved in 80 mL ethylene glycol with vigorous stirring for 30 min to 

form a transparent solution. Then, 0.6 g KI and 0.03 g KCl were added into the above solution 

and continued to stir for another 2 h.  Afterward, the mixed solution was transferred to a 120 

mL Teflon-lined autoclave, sealed, and treated in an oven at 160 °C for 12 h and cooled down 

naturally. The precipitate was filtered and washed with deionized water and ethanol three times 

each, and finally dried in the oven at 60 °C for 24 h. Thus, BiOI/BiOCl was obtained. The 

synthesis of BiOI/BiOBr followed the same procedure based on a molar ratio of KI:NaBr = 

9:1. 

 

4.2.4   Characterization Techniques 

 

The crystal structures of the as-synthesized catalysts were characterized via X-ray 

diffraction analysis (XRD) with Cu Kα radiation in a X′TRA diffractometer (ARL Company, 

Swiss, Basel, Switzerland). Scanning electron microscopy (SEM, X650, Hitachi Company, 

Tokyo, Japan) and transmission electron microscopy (TEM, 200CX, JEOL Company, Tokyo, 

Japan) were employed to study the surface morphology and structure of the catalysts. The 

specific surface areas were measured using N2 adsorption/desorption isotherms on a 

Micromeritics ASAP 2020, and the pore size distribution was calculated from the desorption 

isotherm. UV-visible diffuse reflectance spectra (DRS) were performed on a Shimadzu UV-

2401 UV-Vis spectrophotometer equipped with an integrated sphere attachment. X-ray 

photoelectron spectroscopy with Al Kα X-ray radiation (PHI 5000 VersaProbe, ULVAC-PHI, 

Kanagawa, Japan) was adopted to investigate the surface elemental composition. Electron 

paramagnetic resonance (EPR) was performed on a Bruker EMX plus spectrometer (Bruker 

Company, Rheinstetten, Germany) under the conditions of modulation amplitude (8 G), 

modulation frequency (100 kHz), microwave frequency (9.48 GHz), and non-saturating 

microwave power (1.02 mW). DMPO was utilized as a chemical probe to capture the produced 

radicals from photocatalysis. In the EPR tests, 0.2 g/L BiOI/BiOCl was first mixed with a 40 

μL DMPO solution. Then the mixed solution was extracted via the capillary and tested under 

both dark and simulated solar light irradiation after 5 min. The superoxide radicals (·O2
−) were 

captured by changing the solution to methanol to quench the hydroxyl radicals. 

 

https://www.google.com.hk/search?biw=1920&bih=919&q=Chiyoda&stick=H4sIAAAAAAAAAOPgE-LUz9U3MLQsyTZWgjArMpLitbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAJGJHWBEAAAA&sa=X&ved=0ahUKEwilk7Tr2MPSAhWEo5QKHU57BwAQmxMImwEoATAU
https://www.google.com.hk/search?biw=1920&bih=919&q=Chiyoda&stick=H4sIAAAAAAAAAOPgE-LUz9U3MLQsyTZWgjArMpLitbSyk63084vSE_MyqxJLMvPzUDhWGamJKYWliUUlqUXFAJGJHWBEAAAA&sa=X&ved=0ahUKEwilk7Tr2MPSAhWEo5QKHU57BwAQmxMImwEoATAU
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4.2.5   Evaluation of the Photocatalysts 

   The photocatalytic activities were evaluated by the degradation of organic dyes in aqueous 

solution under UV light (CEL-LAX Xe lamp 300 W; cut-off filter <400 nm) with a light 

intensity of 268 mW/cm2 and visible light (CEL-LAX Xe lamp, 300 W; cut-off filter 350–680 

nm) with a light intensity of 405 mW/cm2. Specifically, 0.05 g of photocatalyst was suspended 

into 250 mL MO solution (20 mg/L). Prior to irradiation, the suspensions were magnetically 

stirred in the dark for 30 min to ensure the establishment of an adsorption/desorption 

equilibrium. During the photocatalytic process, 3 mL of the reaction solution was extracted 

every 30 min and centrifuged at 13,000 rpm for 15 min to remove the particles. Then the 

concentration of the MO solution was measured by a UV-Vis spectrometer (Perkin-Elmer 

Lambda 900UV/Vis/NIR, Waltham, MA, USA) at the maximum absorbance wavelength of 

465 nm. 

The catalysts were also evaluated in a water oxidation process for oxygen evolution. The 

reaction was processed in a black jacket reactor with a 300 W Xenon lamp as the light source. 

Silver nitrate was selected as the electron scavenger. In a typical procedure, 0.1 g of catalyst 

was added to 200 mL of solution including AgNO3 (0.03 M) and La2O3 (0.2 g). The 

suspensions were mixed under vigorous stirring for 30 min in the dark and degassed to remove 

the air prior to irradiation. The produced O2 was in situ analyzed by gas chromatography 

(Agilent 490 Micro GC, NSW, Australia) equipped with a thermal conductive (TCD) detector 

(Agilent 490 Micro GC, NSW, Australia).  

 

4.3 Results and Discussion 

4.3.1 Morphology and Structure 

    Figure 4.1 shows the phase structures of the as-synthesized samples of pure BiOX (X = Cl, 

Br and I) as well as BiOI/BiOX (X = Cl and Br) composites. The diffraction peaks of a, b, and 

e in Figure 4.1 can be fully indexed to the tetragonal BiOBr phase (JCPDS card No. 78-0348), 

tetragonal BiOCl phase (JCPDS card No. 73-2060), and tetragonal BiOI phase (JCPDS card 

No. 73-2062) with no impurities. The BiOI/BiOCl and BiOI/BiOBr composites exhibit the 

characteristic peaks of pure BiOI whereas no obvious peaks for BiOCl and BiOBr were 

discovered, possibly due to their low loading amount. Comparing the profiles of d with e, it 

can be seen that all diffraction peaks slightly shift to the higher angles, corresponding to a 

smaller spacing distance between the different planes. The same phenomenon could be 
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observed for BiOI/BiOBr. Moreover, the diffraction peaks of the composites are broader than 

the corresponding peaks of pure BiOI, indicating that the crystallite sizes of BiOI/BiOCl and 

BiOI/BiOBr become smaller during heterogeneous growth based on Scherrer’s formula 

D=0.9λ/βcosθ (D- crystallite size; λ-X ray wavelength; θ-diffraction angle; β- the full width 

at half maximum intensity of the peak), which is in good accordance with the literature [25–

27].  
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Figure 4.1. X-ray diffraction (XRD) patterns of (a) BiOBr, (b) BiOCl, (c) BiOI/BiOBr, (d) 

BiOI/BiOCl, and (e) BiOI. 

    SEM images of the photocatalysts are presented in Figure 4.2. All the BiOX samples 

present as microspheres with different diameters, morphologies, and microstructures. Among 

them, BiOBr shows the largest particle size with a diameter between 1.5 and 2.1 µm, which is 

larger than that of BiOCl (0.4-1 µm) and BiOI (0.1-0.5 µm). High-magnification images in 

Figure 4.2b,d,f indicate that all the microspheres are composed of nanoplates with a thickness 

of 25 nm, which were aggregated at the core compactly. Moreover, the nanoplates in BiOI in 

Figure 4.2b were closely packed together to form irregular microspheres with no obvious gaps. 

For BiOCl, the microsphere particles are presented with regular shapes with multilayers in 

Figure 4.2d. The microspheres of BiOBr in Figure 4.2f are constructed of diverse diameters 

with regular shapes and large gaps. As seen from Figure 4.2g-j, the nanocomposites of 

BiOI/BiOX (X = Br, I) with diameters around 2-8 µm exhibit three-dimensional micro/nano-

architectures aggregated by monolithic or monomeric particles, which are larger than the pure 

BiOX (X = Cl, Br, I). More interestingly, compared to the compact BiOI/BiOBr clusters, 
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BiOI/BiOCl composites appear as more loose and fluffy agglomerates. The hierarchical 3D 

micro-hybrid with a porous structure may lead to a high specific surface area and surface-to-

volume ratio, as well as abundant transport paths for charge-carrier separation, which could be 

favorable for a photocatalytic process [28]. 

 

Figure 4.2. Scanning electron microscopy (SEM) images of (a,b) BiOI; (c,d) BiOCl; (e,f) BiOBr; 

(g,h) BiOI/BiOCl and (i,j) BiOI/BiOBr with different magnification levels.  

    TEM images further unveiled the morphological structure of the BiOI/BiOCl and 

BiOI/BiOBr composites. Figure 4.3a,c exhibits flower-like 3D architectures and BiOI/BiOBr 

show a more compact microstructure. Both of the nanoplates in Figure 4.3b,d are very thin 

(b) (a) 
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with a thickness of around 20 nm. The TEM image in Figure 4.3b (BiOI/BiOCl) shows a more 

regular morphology with smaller particle size than that of BiOI/BiOBr in Figure 4.3d. In 

addition, two different lattices of BiOCl can be observed from the high resolution transmission 

electron microscopy (HRTEM) image in Figure 4.3e with the d-spaces of 0.301 nm for the 

(102) plane of BiOI and 0.275 nm for the (110) plane. Figure 4.3f also exhibits two different 

crystalline structures with d-spaces of 0.282 nm and 0.277 nm, which can be assigned to the 

(110) plane of BiOI and the (110) plane of BiOBr, respectively. The structures of the 

composites revealed in the TEM images are in agreement with the SEM images. 

 

Figure 4.3. Transmission electron microscopy (TEM) images of (a,b) BiOI/ BiOCl; (c,d) BiOI/ 

BiOBr samples and High resolution transmission electron microscopy (HRTEM) images of (e) 

BiOI/BiOCl; (f) BiOI/BiOBr. 

(c) 
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4.3.2 Optical Properties 

The band gap structure and electronic states of a semiconductor photocatalyst are of crucial 

importance to determine the photoabsorption capacity and catalytic performance. Figure 4.4a 

displays the UV-Vis diffuse reflectance spectra of the BiOX (X = Cl, Br, I) as well as 

BiOI/BiOX (X = Br, Cl) composites. BiOCl is only responsive to UV light with an absorption 

edge at approximately 375 nm, while BiOI exhibits typical optical absorbance in the visible 

light region with the absorption edge at about 630 nm. BiOBr shows great absorption capacity 

in both UV and visible light regions with the absorption edge at 450 nm. Compared to BiOX, 

BiOI/BiOX (X = Br, Cl) composites exhibit enhanced photoabsorption capacity with a slight 

shift to the lower wavelength. The optical band gap energy can be evaluated based on the plots 

of (αhγ)1/2 vs. photon energy [24,26] shown in Figure 4.4b. By extrapolating the linear portion 

of the plots to zero, the band gap energy Eg of BiOCl, BiOBr, BiOI, BiOI/BiOCl, and 

BiOI/BiOBr were estimated to be 3.25, 2.85, 1.93, 2.09, and 2.01 eV, respectively, with the 

color transition from off-white to brick red with the red shift of the bandgap (Figure 4.4a, insert). 

The results are consistent with previously reported values [25, 29, 30]. Meanwhile, the band 

gap of BiOI/BiOCl is located between BiOI and BiOCl due to the formation of a solid solution, 

which is also observed for BiOI/BiOBr. 

  
Figure 4.4. Ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of (a) as-prepared 

samples and (b) the plotting of (αhγ)1/2 vs. photon energy. 

 

     

 4.3.3 XPS Analysis 

To further analyze the surface chemical composition of the BiOI/BiOCl composite, X-ray 

photoelectron spectroscopy (XPS) were conducted. The XPS survey in Figure 4.5a shows that 

BiOI/BiOCl contains major elements of Bi, O, I and Cl as well as a certain amount of C (the 
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adventitious carbon from the XPS instruments [25,31]). In Figure 4.5b, the two peaks with the 

binding energies of 158.67 and 163.99 eV are attributed to Bi 4f7/2 and Bi 4f5/2, respectively, 

which represent the typical Bi3+ in BiOI/BiOCl composite. The high-resolution O 1s scan is 

presented in Figure 4.5c. The dominant peak at 529.63 eV can be assigned to the lattice oxygen 

in the (BiO)2
2+ slabs of the BiOI/BiOCl layered structure, and the other peak at 532.49 eV may  

 

Figure 4.5. (a) X-ray photoelectron spectroscopy (XPS) spectra survey and high-resolution scan 

of (b) Bi 4f; (c) O 1s; (d) I 3d and (e) Cl 2p of BiOI/BiOCl composite. 
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be attributed to the surface hydroxyl groups [32]. The peaks of I 3d in Figure 4.5d can be found 

at 630.02 and 618.53 eV, which could be attributed to I 3d3/2 and I 3d5/2, respectively, 

corresponding to I− in the BiOI/BiOCl composite. The high-resolution scan of Cl 2p is shown 

in Figure 4.5e with one peak centered at 197.47 eV, which is ascribed to Cl 2p3/2. The overall 

surface chemical compositions including atomic concentrations of the major elements are listed 

in Table 4.1. It is noted that the atomic ratio of I/Cl on the surface of the composite catalyst is 

about 2.9:1, which is much lower than 9:1 applied during the catalyst preparation, indicating a 

high concentration of chlorine ions on the surface. 

 

        Table 4.1. Surface chemical composition and concentration of the BiOI/BiOCl catalyst. 

Element O 1s Cl 2p Bi 4f  I 3d 

Atomic% 30.57 2.44 22.03 7.09 

 

4.3.4 Specific Surface Areas and Pore Structure 

    A large specific surface area of a photocatalyst is beneficial to the enhancement of the 

photocatalytic performance. Nitrogen adsorption/desorption isotherms and pore size 

distributions of the BiOI, BiOCl, and BiOI/BiOCl composites (with a mole ratio of I−:Cl− = 

9:1) are estimated as shown in Figure 4.6a,b. The isotherms of all the three samples fall into 

type IV isotherms with a distinct hysteresis loop observed in the range of 0.6 -1.0 P/P0, 

suggesting the formation of capillary condensation related to mesopores between closely-

packed spherical particles [33]. The presence of a small amount of Cl− in the BiOI exerted 

obvious influence on the BET surface areas and pore structure (Table 4.2). The BET surface 

area decreases a little from 42.5 to 37.7 m2·g−1 with the average pore size increased from 15.7 

to 16.8 nm. Both of the isotherms of BiOI and BiOI/BiOCl manifest much higher adsorption 

capacity than BiOCl at high relative pressure (P/P0
 in the range of 0.8-1.0), indicating that 

larger inter-aggregated pores were generated and became predominant with larger total pore 

volumes and a higher adsorption capacity, due to the aggregation of sheet-like nanoparticles 

[24]. This could be confirmed by the SEM and TEM images with the flower-like 3D 

microstructure interwoven by very thin nanoplates. 
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Table 4.2. The Brunauer-Emmett-Teller (BET) surface areas and pore structures of the 

photocatalysts. 

Catalyst Surface Area/m2·g−1 Pore Volume (cm3·g−1) Pore Size (nm) 

BiOI 42.4 0.20 15.7 

BiOCl 17.0 0.046 8.8 

BiOCl/BiOI 37.7 0.20 16.8 

 

Compared with pure BiOI, the BiOI/BiOCl composites also exhibited a larger hysteresis 

loop with a similar shape in the isotherms. In addition, the pore-size distribution of BiOI/BiOCl 

composites became more uniform. The pure BiOI sample contained a bimodal mesopore size 

distribution from ca. 2.1 nm to ca. 14.7 nm. In contrast, the larger mesopores in the BiOI/BiOCl 

composites occupied the main portion of the total pore volume with a maximum pore diameter 

of 18.2 nm, which may be produced from the inter-aggregated secondary particles and the stack 

of nanoplates.  

Figure 4.6. (a) Nitrogen sorption isotherms of BiOI, BiOCl, and BiOI/BiOCl; (b) Pore size distributions of 

BiOI, BiOCl, and BiOI/BiOCl. 

 

4.3.5. Photocatalytic Degradation of MO  

Adsorption of MO 

    All the adsorption experiments were conducted in the dark with an initial concentration of 

20 ppm MO and a catalyst dosage of 0.2 g/L [34]. As shown in Figure 4.7, both BiOCl and 

BiOBr achieved adsorption equilibrium after 30 min with 10% dye adsorption. The pure BiOI 
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and the composites (BiOI/BiOX, X = Br, Cl) exhibited a higher adsorption capacity of about 

25% dye removal in 30 min. 

 
 

Figure 4.7. Adsorbed MO in the dark for BiOX (X = Cl, Br, I) and BiOI/BiOX (X = Br, Cl) 

composites (C0 = 20 ppm, catalyst dosage = 0.2 g/L).  

 

Pure BiOI shows the highest adsorption rate of 25.7% MO removal after 60 min, which 

could be due to the highest BET surface area among the photocatalysts. The greater dye 

adsorption rate would contribute to faster dye degradation as the larger surface area would be 

more favourable for dye molecules to adsorb onto the active sites of the photocatalyst, giving 

rise to an enhanced photocatalytic activity. Overall, when 0.05 g of catalyst was introduced 

into the 20 ppm methyl orange solution, the adsorption removal efficiencies of all of the 

catalysts are less than 30% after adsorption equilibrium in 30 min. In this case, adsorption will 

not exhibit a considerable influence on the investigation of photodegradation efficiency.  

 

Comparison of Photocatalytic Activity 

All the photocatalysts were tested under both visible and UV irradiations as shown in 

Figures 4.8 and 4.9. Figure 4.8a demonstrates that only 12% of MO was removed after 2.5 h 

for visible-light irradiation without any catalyst, suggesting that MO is chemically stable and 

refractory to decomposition by photolysis. Both of the composite semiconductors BiOI/BiOCl 

and BiOI/BiOBr had higher photocatalytic activity than pure BiOI under visible-light 

irradiation. Among all the catalysts, the BiOI/BiOCl composite gave 78% MO removal after 

150 min, which was 25% higher than the pure BiOI. The lattice of single BiOI was expanded 
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by the coupling of BiOX (X = Cl, Br), leading to the recombination between the lattices to 

form a three-dimensional spherical structure with heterojunction interfaces, which will 

contribute to the efficient separation of photogenerated electron-hole pairs. As shown in Figure 

4.4, the band edges of both pure BiOI and BiOI/BiOX (X = Cl, Br) fall into the visible light 

region, with the composites showing even higher light absorption capacity than the pure BiOI. 

The photocatalytic activity enhancement of BiOI/BiOX (X = Cl, Br) could be ascribed to the 

retardation of electron-hole recombination with improved interfacial charge transfer efficiency 

as well as a stronger light absorption ability. 

Relative to BiOX (X = Cl, Br), BiOI has a narrow band gap of around 1.9 eV, which can 

be excited by visible light with a more efficient utilization of solar energy. Additionally, BiOI 

and its composite (BiOI/BiOCl) with larger specific surface areas (SSAs) can not only supply 

more active sites for pollutant degradation but also promote the separation of the electron-hole 

pairs [35]. Nevertheless, BiOCl is severely limited for visible light adsorption due to its wide 

bandgap (3.25 eV) which caused a poor catalytic performance in the visible light region. In 

Figure 4.8, BiOCl exhibits the lowest photodegradation activity among all the catalysts under 

visible light irradiation. According to pseudo-first-order kinetics [36], the apparent pseudo-

first-order rate constants (kapp) were obtained as a comparative parameter for the photocatalytic 

activity of different catalysts.  

  

Figure 4.8. (a) Comparison of photodegradation efficiencies of different samples under visible 

irradiation; (b) pseudo-first-order kinetics curves of Methyl orange (MO) degradation over different 

samples under visible irradiation. 
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where C0 is the original concentration of the dyes and C is the concentration at the reaction 

time t; k is the reaction rate constant; K is the adsorption coefficient of the reactant. The linear 

time dependence of ln(C0/C) with t is plotted in Figures 4.8b and 4.9b correspondingly. 

Figure 4.9. (a) Comparison of photodegradation efficiencies of different samples under UV irradiation; 

(b) pseudo-first-order kinetics curves of MO degradation over different samples under UV irradiation. 

 

Based on the curves from Figures 4.8b and 4.9b, the calculated values of kapp and R2 are 

displayed in Table 4.3. As observed in Figure 4.9b and Table 4.3, the BiOI/BiOCl composite 

demonstrates the highest photodegradation efficiency under UV light irradiation with almost 

50% MO removal in 150 min, compared with the pure BiOI catalyst of 40%. Given the 

performances under visible light irradiation, BiOBr turns out to be an excellent UV responsive 

photocatalyst, as BiOBr shows good UV light absorption capacity according to Figure 4.4. The 

BiOI/BiOBr composites present an outstanding photocatalytic activity under visible light 

irradiation, yet an inferior activity under UV light irradiation. In summary, BiOI/BiOCl 

exhibits the highest photocatalytic performance both under UV and visible light irradiation, 

indicating that the intimate interaction between BiOI and BiOCl is crucial for the formation of 

a charge-separation heterojunction [37]. However, BiOCl shows the lowest activity under both 

UV and visible irradiations, due to the poor light-absorption capability and a low specific 

surface area. 

Table 4.3. Photodegradation rate constants of various catalysts under UV and visible light. 
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Light Irradiation Photocatalysts Kapp (min−1) R2 

UV 

BiOCl 0.0022 0.979 

BiOBr 0.0036 0.996 

BiOI 0.0036 0.998 

BiOI/BiOBr 0.0025 0.998 

BiOI/BiOCl 0.0044 0.998 

Visible 

BiOCl 0.0016 0.976 

BiOBr 0.0026 0.998 

BiOI 0.0050 0.999 

BiOI/BiOBr 0.0078 0.999 

BiOI/BiOCl 0.0100 0.999 

 

Figure 4.10a shows a typical UV-Vis absorption spectrum of the MO solution during 

degradation by the BiOI/BiOCl composite at different time intervals. As the irradiation 

proceeded, the absorption peak at 465 nm showed a blue-shift and becomes broadened 

simultaneously, implying that the decomposition of MO molecules is due to the demethylation 

reaction in which the methyl group is substituted by a hydrogen atom after the homolytic 

breaking of the nitrogen–carbon bond [38]. 

 

Figure 4.10. (a)Temporal evolution of the spectra during the photodegradation of MO mediated 

by BiOI/BiOCl composite; (b) Cycling run in the photocatalytic degradation of MO with 

BiOI/BiOCl as the photocatalyst under visible light irradiation. 
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Except for high photocatalytic activity, the lifetime of the photocatalyst is also a key 

parameter for the practical application of the catalytic process. To observe sample stabilities, 

recycling experiments were conducted with the BiOI/BiOCl composite photocatalyst to 

degrade MO under visible light irradiation using a MSR 575/2 metal halide lamp (575 W, 

Philips, N.J., USA) with the intensity at 250 mW/cm2 (400–1050 nm). As shown in Figure 

4.10b, the photocatalytic degradation was 93.5%, 86.6%, and 84.2% for the first, second, and 

third runs, respectively. Thus, the sample exhibits good stability without a remarkable decline 

of photocatalytic activity.  

According to the previous studies, the valence band energies of BiOI and BiOCl were 

calculated to be 2.42 and 3.44 eV, respectively [24,25], both of which are more positive than 

the standard redox potential of H2O/O2 (1.23 eV vs. reversible hydrogen electrode (RHE) at 

pH = 0) [39]. Theoretically, both BiOI and BiOCl including their composites can oxidize H2O 

to produce O2. Therefore, BiOI/BiOCl with the highest photocatalytic activity was chosen to 

explore the potential for photocatalytic water oxidation. Figure 4.11 describes the time 

dependence of O2 evolution from water over the synthesized catalysts. As can be seen, the O2 

evolution rate is 7.57 μmol/h for BiOI/BiOCl, which is 1.55 and 1.53 times higher than that of 

pure BiOI (4.87 μmol/h) and BiOCl (4.96 μmol/h) accordingly after 1 h of simulated solar light 

irradiation. It is also observed that the water oxidation rates rapidly speeded up in the first 20 

min, then went through a plateau afterwards. This result indicates that an effective 

heterojunction has been constructed between BiOI and BiOCl, which leads to an enhancement 

of charge transfer and separation efficiency. 

Figure 4.11. The photocatalytic O2 evolution of BiOI, BiOCl, and BiOI/BiOCl composites. 
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Photocatalytic Mechanism of the BiOI/BiOCl Composite 

Given the results above, it could be concluded that the photocatalytic performance of BiOI 

is highly promoted after coupling with BiOCl to form an effective heterojunction. To further 

explore the in-depth mechanism, in situ electron paramagnetic resonance (EPR) technology 

was used to probe the reactive oxygen species in the photodegradation. Both hydroxyl (·OH) 

and superoxide radicals (·O2
−) were detected with characteristic peaks as shown in Figure 4.12. 

The nitroxide 5,5-dimethyl-pyrrolidone-(2)-oxyl-(1) (DMPOX) represents oxidized DMPO 

impurities due to a long-time irradiation. In Figure 4.12a, the weak signals of hydroxyl radicals 

(·OH) were observed after irradiation for 5 min, indicating that the photo-generated holes might 

combine with adsorbed H2O molecules to produce a small amount of ·OH. Figure 4.12b 

revealed that the characteristic peaks of superoxide radicals (·O2
−) with strong intensities were 

detected, indicating that the superoxide radicals could be the main reactive oxygen species 

during the photocatalytic reaction process. According to recent studies [40–43], surface peroxo 

species could be formed via the disproportionation of the superoxide radicals or coupling of 

hydroxyl radicals, and become the primary intermediates of photocatalytic reactions, which 

will be involved in the photocatalytic reaction processes including photodegradation of organic 

pollutants and oxygen evolution. The detailed mechanism involving peroxo species requires 

further exploration in future studies. 

  

Figure 4.12. Electron paramagnetic resonance (EPR) spectra of hydroxyl (a) and superoxide (b) 

radicals over the BiOI/BiOCl sample under solar light irradiation (DMPOX was denoted as 

oxidized 5,5-dimethyl-1-pyrroline N-oxide (DMPO)). 
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According to the semi-empirical equation (Equation (4.2)) based on the Mulliken 

electronegativity theory [44], both the conduction band potential (CB) and valence band 

potential (VB) of BiOI and BiOCl were calculated.  

 

0.5VB e gE X E E= − +   4.2 

where Eg is the band gap potential, Ee is the energy of free electrons on the hydrogen scale (4.5 

eV), and X is the absolute electronegativity of the constituent atoms.  

According to the UV-Vis diffuse spectra, the values of Eg of pure BiOCl and BiOI were 

calculated to be 3.25 and 1.93 eV, respectively. The calculated VB positions of BiOCl and 

BiOI were estimated as 3.44 and 2.39 eV accordingly. Thus, the CB positions of BiOCl and 

BiOI were obtained to be 0.19 and 0.46 eV. 

Based on analysis and discussion above, a schematic illustration was proposed to unravel 

the formation of the BiOI/BiOCl heterojunction structure in Figure 4.13. Under visible light 

irradiation, only BiOI with a narrow band gap of 1.93 eV could be excited, with photo-

generated electrons in the valence band being excited to a higher potential edge than the 

original one to form a new conduction band [27], which is even higher than the CB of BiOCl. 

According to energy band structure theory, electrons from the CB of BiOI will be transferred 

to the lower lying CB of BiOCl to generate an electron center; meanwhile, the holes from the 

VB of BiOCl will be transferred oppositely to the VB of BiOI to create a hole center. Herein, 

the photo-excited electrons and holes could be efficiently separated with a lengthened lifetime. 

Moreover, since the new conduction band of BiOI is more negative than the reduction potential 

of O2/·O2
− (−0.33 eV) [16], the oxygen molecules could be reduced to ·O2

− radicals by the 

electrons, which is further supported by the EPR results. Compared with the standard reduction 

potential of ·OH/H2O (2.27 eV) or ·OH/OH− (2.38 eV) [16], the VB potential of BiOI is  

2.39 eV, indicating that oxidative holes (h+) on the surface of BiOI experienced difficulty in 

directly oxidizing H2O or OH− into ·OH. Instead, most of the h+ would react with dye molecules 

directly and synergistically promote the dye decomposition. However, the VB potential of 

BiOCl is 3.44 eV, which is positive enough to oxidize H2O or OH− into ·OH radicals. Thus, 

the small amount of h+ left in the VB of BiOCl could produce some hydroxyl radicals, 

contributing to the dye degradation as well. In summary, the unique heterojunction between 

BiOI and BiOCl could render the charge carrier separation and transport more efficiently, 

which are the key factors for improved photocatalytic performance, compared to the pure BiOI. 
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The strong light absorption capacity of the BiOI/BiOCl composite as well as the enlarged 

specific surface area also account for the excellent photodegradation efficiency. 

 

Figure 4.13. Proposed mechanistic diagram of the photocatalytic process for the BiOI/BiOCl 

photocatalyst under visible light irradiation. 

 

Photodegradation of Dyes under Natural Solar Light Irradiation 

    To further investigate the practical application of the optimal photocatalysts, two other 

typical dyes of methyl violet (MV) and direct black (DB) together with methyl orange were 

studied for the estimation of the photodegradation effectiveness of the BiOI and BiOI/BiOCl 

composites under natural solar light irradiation. All of the experiments were performed 

simultaneously outdoor (Nanjing, China) at noon (11:30 a.m.–3:00 p.m.) in the summer season 

of June, under the same conditions listed in Section 4.3.5.2 except for the light source. The 

degradation efficiency results are depicted in Figure 4.14. Among the three dye pollutants, 

methyl violet is most vulnerable to sunlight irradiation on the catalysts. 100% MV degradation 

could be achieved in 210 min under natural sunlight irradiation on the BiOI/BiOCl composite. 

Moreover, the degradation of methyl violet attained a superior reaction rate in the first 60 min. 

Overall, the degradation rate was enhanced by using BiOI/BiOCl as the photocatalyst rather 

than the pure BiOI for MO and MV. Based on the analysis of the molecular structure of the 

three dyes, it could be deduced that the degradation efficiency of the dyes was closely related 

to the azo functional groups in the molecular structure. All the dye molecular structures are 

listed in Table 4.4. Zero, one, and three azo groups were functionalized in methyl violet, methyl 

orange, and direct black, respectively, which might account for the reason that direct black is 

refractory to decompose on both the BiOI and BiOI/BiOCl catalysts.  
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Figure 4.14. Photocatalytic degradation of typical dyes under natural solar light irradiation with 

(a) BiOI and (b) BiOI/BiOCl.  

 

Table 4.4. Molecular structures and characteristics of the dyes. 
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4.4   Conclusions 

    In summary, flower-like 3D BiOI/BiOX (X = Br or Cl) hybrids have been successfully 

fabricated via a facile one-pot solvothermal approach. The BiOI/BiOCl hybrids present fluffy 

and porous 3D microspheres with large specific surface areas and high light absorption abilities. 

Under visible light irradiation, both of the composites exhibited significant enhancement of the 

photocatalytic oxidation performance compared to pure BiOI. The apparent reaction rate for 

MO degradation is 2.1 times higher over BiOI/BiOCl, and 1.6 times higher over BiOI/BiOBr 

than that of pure BiOI. Moreover, BiOI/BiOCl demonstrated a slight promotion under UV light 

irradiation, which is 1.3 times higher than pure BiOI. Moreover, the BiOI/BiOCl composite 

also displayed excellent water oxidation ability with enhanced O2 evolution from the water. 

The enhancement of photocatalytic activity could be attributed to the formation of a 

heterojunction between BiOI and BiOCl, which facilitates the separation and transportation of 

charge carriers more efficiently with a rationally-engineered energy band structure. In addition, 

the nanoporous structure, larger specific surface area, and the stronger light absorption capacity 

both in the visible and UV region also contributed to the excellent photocatalytic activity of 

the BiOI/BiOCl composites. The photodegradation was evidenced to be ascribed to the 

superoxide radicals, oxidative holes, and a minor amount of hydroxyl radicals. This study 

deepens the understanding of BiOI/BiOCl composites for enhanced photodegradation and 

water oxidation. The rational design of hybrid materials in photocatalysis will provide 

promising candidates for further applications in photocatalysis and solar energy conversion. 
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Chapter 5. 0D (MoS2)/2D (g-C3N4) Heterojunctions in Z-

Scheme for Enhanced Photocatalytic and Electrochemical 

Hydrogen Evolution 
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Abstract 

 

Apart from bismuth-based visible light photocatalysts from previous two chapters, graphitic 

carbon nitride (g-C3N4) rises up as another promising semiconductor photocatalyst because of 

its environmental-friendly and metal-free attributes as well as simple fabrication process. In 

this chapter, MoS2 quantum dots (MSQDs) with a high and stable dispersion ability in water 

were prepared via a facile one-pot hydrothermal process. The MSQDs were then applied to 

decorate graphitic carbon nitride (g-C3N4, CN) nanosheets to obtain modified g-C3N4 

photocatalysts (MSQD-CN). Compared to pristine g-C3N4, the hybrid photocatalysts showed a 

slight red shift and stronger light absorption with remarkably improved photocatalytic activity 

in water splitting to generate hydrogen. The hydrogen-evolution rate over 0.2 wt% MSQD-CN 

increased by 1.3 and 8.1 times as high as that of 0.2 wt% Pt-CN and g-C3N4, respectively. With 

deposition of 2 wt% Pt as a cocatalyst, 5 wt% MSQD-CN exhibited the highest photocatalytic 

efficiency with an average hydrogen evolution reaction (HER) rate of 577 μmol·h-1·g-1. 

Photoluminescence spectra (PL) and photoelectrochemical measurements inferred that 

MSQDs introduction drastically promoted the electron transfer for more efficient separation of 

charge carriers, which could lower HER overpotential barriers and enhance the electrical 

conductivity. In addition, the well-matched band potentials of the MSQD-CN hybrid with an 

intimate contact interface of p-n heterojunction also inhibited the recombination of photo-

generated carriers, leading to enhanced photocatalytic HER performance. A direct Z-scheme 

charge transfer mechanism of the MSQD-CN hybrid was proposed to further elaborate the 

synergic effect between MSQDs, Pt and g-C3N4. This work underlines the importance of 

heterojunction interface and presents a feasible protocol for rational construction of g-C3N4 

based photocatalysts for various photocatalytic applications. 

 

5.1 Introduction 

 

Energy crisis and environmental problems have always been considered as challenging and 

critical issues over the past decades. Solar energy conversion into chemical energies by 

photocatalysis has emerged as a sustainable and efficient route. Hydrogen, as an ultimate clean 

energy with a much higher fuel value (143 kJ/g), is considered as an ideal candidate to replace 

fossil fuels in the future with wide applications in chemical industries[1]. Since Fujishima and 

Honda reported a photoelectrochemical hydrogen evolution process from water in 1972[2], 
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photocatalytic H2 evolution over earth-abundant semiconductors combined with co-catalysts 

for water splitting has received considerable attention[3-5]. This shows more significances to 

the environmental remediation by photocatalytic process[6, 7]. In practice, stable and highly 

efficient photocatalysts are of vital importance to the production of H2. Tremendous efforts 

have thus been focused on the development of effective surface junctions between 

semiconductors and co-catalysts with a matched band structure and electron affinity, which 

could optimize light capture capacity and increase the charge separation to achieve overall 

enhanced photocatalytic performance[8]. 

As a metal-free semiconductor, graphitic carbon nitride (g-C3N4) has attracted much 

attention because of its layered graphite-like structure, suitable electronic structure for water 

redox catalysis as well as its simple synthesis from earth abundant elements and chemical 

stability[9, 10]. However, pristine g-C3N4 has a relatively narrow light response range with 

bandgap energy at 2.7 eV[11], suffering from the fast recombination of photo-generated 

electron/hole pairs. Moreover, it is also restricted by low electrocatalytic activity, severely 

detrimental to the water splitting process. Integration of a co-catalyst, such as platinum or other 

noble metals, helps promote the charge separation with a prolonged lifetime for electrons to 

transfer over the surface, as well as to lower the overpotentials for H2 evolution with an 

improved electrical conductivity[12].  

Recent studies show that molybdenum sulfide (MoS2) stands out to be a promising catalyst 

for hydrogen-evolution reaction (HER) with a satisfactory electrocatalytic activity originated 

from its unique structure[13-15]. MoS2 has a similar layered structure to g-C3N4, which could 

achieve better lattice matching and promote the growth of MoS2 slabs on the surface of g-

C3N4[16]. Moreover, the unsaturated atoms of both Mo and S at the edges will foster an 

favorable edge activity during the catalytic process[17]. Serving as an efficient co-catalyst, 

MoS2 has already exhibited a promoting effect in photocatalytic H2 evolution[18-21]. So far, 

most of MoS2 was fabricated in 2D nanosheets to construct a hybrid with thin-layered 

nanojunctions[22-25]. Few studies, however, have been reported focusing on the fabrication 

and application of MoS2 quantum dots (MoS2 QDs) on g-C3N4. With more exposed edges as 

catalytically active sites than MoS2 sheets, MoS2 QDs appear to be a more favorable candidate 

as the co-catalyst in photocatalytic HER. 

Herein, water-dispersible MoS2 QDs were synthesized via a facile one-pot hydrothermal 

process and were then used to decorate g-C3N4 nanosheets by a simple impregnation method. 

The prepared MoS2 QDs/g-C3N4 (MSQD-CN) composites showed remarkably enhanced 

photocatalytic H2 evolution activities compared to pristine g-C3N4 and Pt/g-C3N4. The effect 
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of MoS2 QDs content on H2 evolution rate was comprehensively studied, confirming the 

formation of a p-n heterojunction interface. In addition, a possible mechanism for 

photocatalytic H2 evolution process over MSQD-CN composites was proposed, providing 

insights into designing organic-inorganic hybrid photocatalysts.  

 

5.2 Experimental Section 

5.2.1 Synthesis of Photocatalysts 

 

Scheme 5.1. Schematic illustration of a synthetic route for MSQD-CN. 

   

    Urea (AR) was purchased from Chem-Supply, Australia. Ammonium molybdate 

(99.98%), N-acetyl-L-cysteine (NAC, ≥99%), thiourea (≥99.0%), chloroplatinic acid 

hexahydrate (≥37.5% Pt basis), ethanol, methanol and acetone were supplied by Sigma-Aldrich, 

Australia. All the reagents were used directly without any further purification.           

The overall formation process of MSQD-CN composites is depicted in Scheme 5.1 and more 

detailed information is given as follows.  

Metal-free g-C3N4 powders were synthesized via the following procedure: 10 g of urea was 

placed in a furnace, heated to 550 ºC at a rate of 15 ºC min−1 and kept at 550 ºC for 4 h in air.  

Water soluble MoS2 QDs were prepared by a facile hydrothermal approach[26] with minor 

revision. Ammonium molybdate (4.25 × 10−3 M) and N-acetyl-L-cysteine（10.2 × 10−3 M) 

were mixed in 40 mL ultrapure water in an ice-water bath and stirred for a while. Then thiourea 

(8.5 × 10−3 M) was dissolved in the above solution with further stirring for 1 h under N2 

protection. The mixture was subsequently transferred into a 100-mL Teflon-lined stainless steel 

autoclave which was already de-aired with N2 flow and kept at 200 °C for 4 h to get a high 



- 109 - 

 

yield of MoS2 QDs without any black sediments. After centrifuge at 13000 rpm for 20 min, the 

QDs were washed with ethanol and deionized (DI) water. Finally, the QDs were transferred 

and dispersed in 20 mL DI water, which was able to maintain in a long-term homogeneous 

phase. 

For synthesis of MSQD-CN, certain amounts of MoS2 QDs solutions were sonicated for 30 

min to achieve complete dispersion of the MoS2 QDs. The as-synthesized g-C3N4 (0.1 g) was 

milled into fine powder and added to the above solution, followed by ultrasonication for 1 h. 

Then 10 mL acetone was added to the solution to make MoS2 QDs deposit onto the surface of 

g-C3N4 with vigorous stirring for 24 h. After that, the precipitates were collected by 

centrifugation, washed with ethanol and distilled water successively, and dried at 80 °C 

overnight. The samples were further heated under N2 flow at 300 °C for 1 h and noted as x wt% 

MSQD-CN, where x = 0, 0.2, 2.5, 5, and 7.5, respectively, representing different weight 

percentages of MoS2 QDs at 0, 0.2, 2.5, 5, and 7.5 wt%. For comparison, one sample of 5 wt% 

MSQD-CN was synthesized following the same procedures except for the final heat treatment 

under N2 flow at 120 °C for 1 h and noted as 5 wt% MSQD-CN-120 °C.  

Moreover, MoS2 nanosheets were prepared based on a previous report[19]. Ammonium 

molybdate (32.2 mg) and thiourea (25.12 mg) were dissolved in 40 mL distilled water followed 

by vigorous stirring for 1 h. Next, the homogeneous solution was transferred into a 100 mL 

Teflon-lined autoclave and maintained at 210 °C for 24 h. After centrifugation, the black 

precipitate was collected and washed with distilled ethanol and water successively, followed 

by drying at 80 °C. The assembly of MoS2 nanosheets on g-C3N4 was achieved following the 

same route as 5 wt% MSQD-CN, and noted as 5 wt% MSNS-CN. Pt co-catalyst at 2.0 wt% 

was loaded by dissolving H2PtCl6 into the suspension directly, followed by ultrasonication for 

10 min. 

 

5.2.2 Characterization Techniques  

Powder X-ray diffraction (XRD) patterns were obtained on an Empyrean multipurpose 

research diffractometer (Panalytical Empyrean XRD) utilizing Cu Kα radiation (λ = 1.5418 Å) 

with a current of 40 mA and a voltage of 40 kV. Images of scanning electron microscopy (SEM) 

were recorded on a FEI Verios XHR SEM microscope. Transition electron microscopy (TEM) 

images and selective area electron diffraction (SAED) were received with a JEOL 2100 TEM 

microscope. High angle annular dark field scanning transmission electron microscopy image 

(HAADF-STEM) mapping was obtained under a FEI TITAN G2 (200 kV). X-ray 
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photoelectron spectroscopy (XPS) and valence band XPS (VB XPS) were conducted on a 

Thermo Escalab 250 spectrometer with an Al Kα X-ray. A Shirley background was first 

subtracted followed by component fitting using Voigt functions with a 30% Lorentzian 

component. Fourier transformed infrared (FTIR) spectra were collected on a PerkinElmer 

Spectrum Two FT-IR spectrometer. UV-visible diffuse reflectance spectra (DRS) were 

obtained on an Agilent Cary 100 UV-Visible spectrophotometer equipped with an integrated 

sphere attachment. Photoluminescence (PL) spectra of the samples were measured on a Cary 

Eclipse Fluorescence Spectrophotometer (Agilent, US). 

 

5.2.3 Photocatalytic Activity Evaluation  

   Photocatalytic H2 production experiments were carried out in a customized airtight stainless 

steel cell covered by a quartz window at ambient temperature. A 300 W Xenon lamp (Newport) 

was used as a light source with irradiation intensity centered at 35 mW/cm2 for UV light and 

320 mW/cm2 for visible light using a light cutoff filter (λ＞420 nm). Typically, 50 mg of 

photocatalyst was dispersed in an aqueous solution (120 mL) containing methanol (25% by 

volume). The loading of 2.0 wt% Pt co-catalyst was conducted by directly dissolving H2PtCl6 

into the suspension. Before irradiation, the suspensions were mixed under vigorous stirring for 

30 min in the dark and the reaction vessel was degassed for anaerobic conditions by purging 

with N2 for 30 min. The produced H2 was in situ analyzed by a gas chromatography (Agilent 

490 Micro GC) using a thermal conductivity detector. 

 

5.2.4 Photoelectrochemical Measurements 

     Photocurrent, electrochemical impedance spectroscopy (EIS) and Mott-Schottky curve 

measurements were conducted on a Zennium electrochemical workstation (Zahner, Germany) 

in a standard three-electrode framework with a 0.05 M Na2SO4 (pH = 6.8) electrolyte solution, 

adopting a Pt wire as the counter electrode and a saturated calomel electrode (SCE) as the 

reference electrode. As for the photoanode, the sample film was fabricated on fluorine-doped 

tin oxide (FTO) glasses, which were ultrasonically cleaned in acetone and ethanol for 20 min 

in sequence, then dried at 60 °C. To be specific, 10 mg of the catalyst was mixed with 500 μL 

of absolute ethanol and 25 μL of Nafion solution homogeneously. The obtained slurry was then 

dropped onto the pretreated FTO glass via a dip-coating method with a controlled area of 1 

cm2, followed by drying in air for 2 h to form a film electrode. Photocurrents were obtained 

using a 300 W Xenon arc lamp with light passing through an AM 1.5 G filter into an optical 
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fiber (output I0 = 100 mW·cm−2). Mott-Schottky analysis was performed at a frequency of 1 

kHz. 

 

5.2.5 Electrocatalytic Hydrogen Evolution 

Electrochemical measurements were carried out at room temperature on a Zennium 

electrochemical station (Zahner, Germany) in a standard three-electrode system, loading the 

samples on a glassy carbon electrode (GCE, 5 mm in diameter) as the working electrode, a 

Ag/AgCl electrode as the reference and a Pt wire as the counter electrode. The electrolyte was 

0.5 M H2SO4 purged with N2 gas (99.999%). Specifically, the catalysts of 5 mg were dispersed 

in 600 μL ethanol absolute and 50 μL 5% Nafion via ultrasonication for 1 h to form a 

homogeneous ink. Then 5 μL of the slurry was deposited on the glassy carbon electrode with 

a catalyst loading of 0.196 mg·cm-2. The HER performance was tested by linear sweep 

voltammetry (LSV) at a scan rate of 10 mV · S-1. All the polarization curves were obtained 

without the ohmic potential drop (iR) correction. 

 

5.3 Results and Discussion 

5.3.1 Phase Structure, Morphology and Composition of Catalysts 

 

Figure 5.1a displays XRD patterns of MSQD-CN samples with different MoS2 QD contents (0 

- 7.5 wt%). Both pristine g-C3N4 and MSQD-CN had two apparent diffraction peaks. The one 

centering at 27.7ºcan be indexed to the stacking of the conjugated double bonds for graphitic 

materials as the (002) crystal plane, corresponding to an interplanar distance of g-C3N4 at 0.336 

nm, while the weak one at 12.9ºrepresents the (100) plane of g-C3N4, corresponding to the in-

planar ordering of tri-s-triazine units of 0.675 nm[27]. These results confirm the formation of 

g-C3N4 with a typical graphitic, layered structure as in the previous reports[20, 28]. As shown 

in Figure 5.1c for bare MoS2 QDs, the appearance of a strong (002) reflection and a weak (110) 

reflection confirm the presence of MoS2 quantum dots with hexagonal 2H-MoS2 structure of 

JCPDS No. 37-1492[13]. While the other peaks could be ascribed to the reflections from the 

substrate of quartz glass. In contrast, no apparent peaks of MoS2 could be observed from the 

MSQD-CN samples, illustrating that the g-C3N4 nanosheet structure maintained unchanged 

with MoS2 modification, possibly due to the small amount and well dispersed MoS2 QDs on 

the g-C3N4 surface. 
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The elemental composition and chemical states of 5 wt% MSQD-CN sample were 

investigated by XPS (Figure 5.1b and Figure 5.2). Figure 5.1b presents the XPS survey 

spectrum of the composite, containing elements of C, N, O and also a small amount of Mo and 

S. Typical peaks could be observed at binding energies of 282.6 (C 1s), 393.4 (N 1s), 527.1 (O 

1s), 226.4 (Mo 3d) and 163.7 eV (S 2p). The C 1s peak in Figure 5.2a can be deconvoluted into 

two peaks at 288.1 and 284.6 eV. The strong one at 288.1 eV could be ascribed to sp2 carbon 

bonded to the three nitrogen atoms in the carbon nitride lattice[28-30], and the weak one 

corresponds to unavoidably loaded graphitic carbon atoms[31, 32]. Four asymmetrical peaks  

at 393.9, 395.0, 396.5 and 399.8 eV can be fitted for N1s in Figure 5.2b, which can be ascribed 

to C−N=C sp2-bonded N atoms in graphite-like g-C3N4 structure, tertiary (N−(C)3) groups, 

amino functional groups (C−N−H), and a typical π-excitation accordingly [27, 33-35].  

Figure 5.1. (a) XRD patterns of MSQD-CN composite samples and pure g-C3N4. (b) XPS survey of 5 wt% 

MSQD-CN. (c) XRD patterns of MoS2 QDs sample. 
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The observed peaks of Mo 3d at 227.6 (3d5/2) and 230.7 eV (3d3/2) in Figure 5.2c indicate that 

Mo element exists predominantly as Mo4+ in the composite sample. No oxidation of Mo from 

Mo4+ state in the MoS2 to Mo6+ in MoO3 occurred. The S 2p spectrum (Figure 5.2d) gives two 

main peaks at 162.8 and 164.3 eV, corresponding to the S 2p3/2 and S 2p1/2, respectively, 

demonstrating the existence of S2− state in the composite sample[18]. The high-resolution 

spectra further confirmed the existence of MoS2 QDs in the as-synthesized 5 wt% MSQD-CN 

sample. 

Figure 5.2. (a) C 1s (b) N 1s (c) Mo 3d and (d) S 2p spectra of 5 wt% MSQD-CN. 

Figure 5.3 shows the typical SEM and TEM images of a light yellow fluffy powder of g-

C3N4, exhibiting a typical layered sheet-like structure. The microstructure and morphology of 
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MoS2 QDs was revealed by transmission electron microscopy (TEM). Figure 5.4a shows that 

the mean diameter of MoS2 QDs particles is about 1.7 nm. According to the inset graph of 

particle size distribution, total up to 89.2% MoS2 QDs distributes within the range of 1.5~2.5 

nm, which are homogeneous without obvious aggregation. A typical hexagonal lattice structure 

with high crystallinity can be observed with ordered lattice fringe (103) from the high-

resolution transmission electron microscopy (HRTEM) image in Figure 5.4b, showing a lattice 

spacing of 0.230 nm in the inset amplified image[36]. TEM images of the 5 wt% MSQD-CN 

composite sample (Figure 5.4c) reveal that thin and sheet-like g-C3N4 was decorated with 

crystallized MoS2 QDs in random distribution. As shown in Figure 5.4d, the lattice distance of 

g-C3N4 crystallites was measured to be 0.34 nm, corresponding to the (002) plane of hexagonal 

g-C3N4 (JCPDS 87-1526) and in conformity with the XRD results. Meanwhile, the lattice 

spacing of 0.59 nm (JCPDS 37-1492), corresponding to the (002) facet of MoS2 QDs, was also 

observed. Thus, the MoS2 QDs were proved to be closely attached to the g-C3N4 nanostructure 

via their (002) crystal planes with intimate interfacial contact, which might be favorable for 

promoting the charge separation in the electron-transfer process for photocatalytic H2 evolution. 

In addition, the HAADF-STEM elemental mapping (Figure 5.4e) of 5 wt% MSQD-CN sample 

further proves that MoS2 QDs were immersed well into a broader g-C3N4 matrix with the 

elements of Mo and S exhibiting a low density at the same location. 

 

 

Figure 5.3. (a) SEM image and (b) TEM image and photograph (inset) of g-C3N4. 
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Figure 5.4. TEM and HRTEM images of (a-b) MoS2 QDs (insert shows corresponding particle size 

distribution); (c-d) 5 wt% MSQD-CN; (e) High angle annular dark field scanning TEM image and 

corresponding EDX elemental mapping of 5 wt% MSQD-CN sample.  
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 5.3.2 Optical Properties 

The optical absorption properties of g-C3N4, MoS2 QDs and MSQD-CN composites are 

shown in Figure 5.5. For the MoS2 QDs, it can be observed from Figure 5.5c that the peaks at 

207 and 230 nm show excitonic features of MoS2 quantum dots[36, 37]. The peaks at 380 and 

367 nm should be assigned to excitonic absorption bands due to direct band-gap transition at 

K point with energy split from valence band spin-orbital coupling[26]. Compared to the 

absorption edge of bulk MoS2 and monolayer MoS2 nanosheets in previous reports[19, 38], a 

large blue-shift was observed due to the strong quantum confinement effect[39] of MoS2 QDs 

as the majority of the particles are within the size of 2-5 nm. The inset image in Figure 5c 

exhibits the high stability and good dispersion of MoS2 QDs in water without noticeable 

agglomeration for two months. As can be seen from Figure 5.5a, the steep edge at around 380 

nm should be assigned to the band gap transition of g-C3N4 [40]. For the composite samples, 

all of their absorption edges present a slight red-shift. In addition, the introduction of MoS2 

QDs enhanced both UV and visible light absorption capacity of the composite samples. It is 

worth noting that 5 wt% MSQD-CN outperformed other samples, which might lead to 

enhanced production of electron-hole pairs and thus a possibly higher photocatalytic activity. 

The band-gap energies of all the samples were estimated based on the Kubelka-Munk theory 

[9, 40, 41] following the equation of 
nh )(  =k (h -Eg) (where α,  , k and Eg represents 

absorption factor, light frequency, proportionality constant and band gap energy respectively). 

Based on the UV-vis diffuse reflectance spectra in Figure 5.5a and Figure 5.5c, 
nh )(   (n = 

2 for direct-gap semiconductors and n=1/2 for indirect-gap semiconductors) versus h  was 

then plotted in Figure 5.5b and Figure 5.5c (inset) with values shown in Table 5.1. The 

decreased band-gap energy of the composite with the increasing content of MoS2-QDs proves 

that the MoS2 QDs decoration changed the semiconductor composite properties of g-C3N4 due 

to mutual interaction. The direct band-gap energy for pure MoS2-QDs has been determined to 

be 3.41 eV. As for pristine g-C3N4, the band-gap value of 2.90 eV is larger than bulk g-C3N4, 

and much closer to g-C3N4 nanosheets according to previous reports[42-44], which proved that 

the g-C3N4 prepared in this study exhibits a thin, sheet-like structure. This enlarged band-gap 

energy of nanostructured semiconductor compared to its bulk counterpart is also attributed to 
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the well-known quantum confinement effect, shifting its absolute conduction and valence band 

in opposite directions[45]. 

Figure 5.5. (a) UV-vis diffuse reflectance spectra, (b) the plots of (αhν) 1/2 versus band-gap energy (hν) of 

g-C3N4 and different MSQD-CN samples. (c) UV-vis absorption spectrum of MoS2 QDs. Left insert: 

photograph (inset) of MoS2 QDs aqueous solution; right insert: the plots of (αhν)
 2
 versus band-gap energy 

(hν). 

 

 

 

Table 5.1. Band-gap energy of g-C3N4 and MSQD-CN composites. 

Sample Band-gap (eV) 

g-C3N4 2.90 
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0.2 wt%MSQD-CN 2.88 

2.5 wt%MSQD-CN 2.87 

5 wt%MSQD-CN 2.84 

7.5 wt%MSQD-CN 2.83 

MSQD 3.41 

 

To investigate the charge carrier separation, transferring, and trapping in pure g-C3N4 and 

MSQD-CN composite samples, the photoluminescence (PL) was conducted (Figure 5.6a). All 

the photocatalysts exhibit similar emission trends at an excitation wavelength of 325 nm at 

room temperature. The main emission peak centered at around 460 nm for pure g-C3N4 is 

attributed to the recombination of the photoexcited electron-hole pairs originating from the 

intrinsic HOMO–LUMO transition [27, 32]. The main emission peaks of the MSQD-CN 

composites shift slightly to the left, compared with the spectrum of pure g-C3N4. This blue shift 

of fluorescence emission spectrum further confirmed the enlarged band-gap energy after 

introduction of MoS2 QDs. The only exception is for the sample of 0.2 wt% MSQD-CN, which 

might be due to extremely low content of MoS2 QDs. Looking into the peak intensities around 

640 nm, both 5 wt% MSQD-CN and 2.5 wt% MSQD-CN show a lower PL intensity relative to 

g-C3N4. This observation indicated that the quantum-sized MoS2 and its heterojunction with g-

C3N4 induced efficient charge transfer at the interface, suppressing the recombination of 

photogenerated electrons and holes. The PL results were in agreement with UV-vis absorption 

behavior and the corresponding photocatalytic H2 evolution activities shown in the next section. 

In addition, the PL spectra of pure MoS2 QD were also investigated under different excitation 

wavelengths at room temperature (Figure 5.6b). Similarly, it also shows a marked blue-shift in 

comparison with those of monolayer MoS2 nanosheets[26]. With the increase of the excitation 

wavelength from 220 to 400 nm, a red shift of emission peaks from 440 to 800 nm was observed, 

while its intensity decreased noticeably over the excitation wavelength ranging from 300 to 

400 nm. This may be ascribed to the direct excitonic transitions from the K point of the 

Brillouin zone, the presence of polydispersity and various trap states in MoS2 quantum dots 

[26, 36, 46-49]. The strongest emission peak occurs at excitation wavelength of 300 nm, which 

should result from the transition at K point with energy split of valence band [26]. Further on, 

it is observed that the emission wavelength of the PL also depends on the particle size of the 

MoS2 QDs, possibly due to the quantum size effect. Based on previous studies [48], medium-
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sized MoS2 QDs (1.5-3 nm) usually emit visible light within the range of 400–700 nm, which 

is in accordance with the particle size measurements in TEM for MoS2 QDs synthesized in this 

paper. 

 

Figure 5.6. (a) PL spectra of pure g-C3N4 and different MSQD-CN samples. (b) PL spectra of MoS2 QD 

aqueous solution excited by different wavelengths shifting from 220 to 400 nm.  

 

5.3.3 Photocatalytic H2-Production Activity and Stability 

Figure 5.7. (a) Average rate of H2 evolution for samples annealed at different temperatures. (b) 

Photocatalytic H2 evolution over pure CN and 5 wt% MSQD-CN under visible light irradiation during 

4 h (25 vol% methanol, 2.0 wt% Pt, 0.05g catalyst in 120 mL aqueous solution). 

 

H2 evolution on pure g-C3N4 and 5 wt% MSQD-CN samples annealed at different 

temperatures (120 and 300 C) were tested (Figure 5.7a). The photocatalytic H2-evolution rates 
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of 5 wt% MSQD-CN-300 C and 5 wt% MSQD-CN-120 C were elevated to approximately 

1.8 and 1.5 times of the pristine g-C3N4, which might be ascribed to the establishment of 

efficient heterojunction between g-C3N4 and MoS2 QDs.   

The photocatalytic water reduction using different amount of MoS2 QDs decorated g-C3N4 

at 300 C were further investigated (Figure 5.8). As a traditional and efficient co-catalyst, Pt is 

adopted to reduce the overpotential required for water splitting to H2 evolution. Control 

experiments show no H2 was detected with Pt or pure MoS2 QDs only, indicating that Pt or 

MoS2 QDs alone is not active for photocatalytic H2 evolution. After 240 min of light irradiation, 

total hydrogen evolution over pure g-C3N4 reached 62.9 μmol. After impregnation with MoS2 

QDs, the photocatalytic H2 evolution activity was significantly enhanced. The rate of H2 

evolution reached the maximum of 577 μmol.h-1.g-1 at 5 wt% MoS2 QDs, which ranks among 

the top photocatalytic H2 evolution activities based on recent studies as shown in Table 5.2. A 

further increase in MoS2 QDs loading led to a drop in the photocatalytic hydrogen evolution. 

It is reported that excessive loading of MoS2 may not be favorable for photo-redox catalytic 

reaction due to the blocking effect to hinder the light absorption of g-C3N4 [50]. This hypothesis 

conforms to the results from UV-vis spectra. Previous reports showed that MoS2 with thin 

layers could improve charge transport across the layers by shortening the path and speeding up 

the transportation process for photo-generated electrons to enhance photocatalytic efficiency 

for hydrogen generation [15, 51]. Additionally, 5 wt% MSNS-CN exhibits a higher hydrogen-

evolution rate than pure g-C3N4, but much lower than that on 5 wt% MSQD-CN. Compared 

with thin-layered MoS2 nanosheet, which has been recognized as an effective HER catalyst [14, 

52], MoS2 quantum dots possess a higher quantum confinement and smaller-size, providing 

more opportunity for their unsaturated bonds to connect with other atoms to form an intimate 

contact between MoS2 and g-C3N4. MoS2 QDs also boost a superior HER activity by lowering 

activation barriers with a high electrical conductivity [21], leading to a higher photocatalytic 

H2-evolution activity.  

 

 

 

Table 5.2. Photocatalytic HER activities of graphitic carbon nitride modified with different cocatalysts. 

Catalyst Cocatalyst Electron donor 
λ  

(nm) 

Hydrogen 

Evolution 
Reference 
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(μmol.h-

1.g-1) 

g-C3N4 2.89 wt% MoS2   triethanolamine sunlight 320  [53] 

g-C3N4 1.5polypyrrole+3 wt% Pt acetic acid Xe lamp 154  [54] 

g-C3N4 0.15 wt% CoTiO3+ 3 wt% Pt ethanol Xe lamp 858  [55] 

g-C3N4 3 wt% Pt methanol Xe lamp 300  [56] 

g-C3N4 0.5%CB-1.0%NiS  TEOA Xe lamp 366.4  [27] 

g-C3N4 3 wt% CoP+3 wt% Pt methanol Xe lamp 1125  [57] 

g-C3N4 5 wt% MSQD+ 2 wt% Pt methanol Xe lamp 576.6 
This 

work 

 

 

As for visible light irradiation, it can be noticed in Figure 5.7b that 5 wt% MSQD-CN 

exhibited a slightly better photocatalytic H2-evolution performance than pure g-C3N4. After 

240 min of visible light irradiation, the total hydrogen evolution over g-C3N4 and 5 wt% 

MSQD-CN reached 162.2 and 222.9 μmol.g-1, respectively. 

Figure 5.8. (a) Photocatalytic activity for H2 evolution and (b) average photocatalytic H2 evolution rate over 

different samples under simulated solar light irradiation. (25 vol% methanol, 2.0 wt% Pt, 0.05g catalyst in 

120 mL aqueous solution) 

In addition, it can be seen from Figure 5.9a that the as-synthesized 0.2 wt% MSQD-CN 

without Pt deposition showed a higher activity in photocatalytic H2 evolution than 0.2 wt% Pt-
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CN with an enhancement about 20%. The photocatalytic H2 evolution was very low (only 3.29 

μmol after 240 min) on g-C3N4 without loading any co-catalyst. An ideal co-catalyst often 

provides relatively low activation potentials for H2 evolution and also promotes prompt 

transportation of photo-induced charge carriers, serving as the active sites for photocatalytic 

H2 evolution [50]. As a noble metal, Pt is recognized as one of the best co-catalysts to promote 

H2 evolution [58], but in this study the rate of H2 evolution over 0.2 wt% Pt-CN is lower than 

that of 0.2 wt% MSQD-CN. This result proves that MoS2 quantum dots could serve as an 

efficient co-catalyst with the potential to replace noble metals, constructing effective surface 

junctions with g-C3N4 with a structural and electronic compatibility, which is crucial for 

enhancing photocatalytic activity.  

As mentioned above, no H2 was detected on pure MoS2-QDs. While the decoration of MoS2-

QDs on g-C3N4 was able to drastically improve the H2 evolution from 16.45 μmol· h-1 ·g-1 on 

pure g-C3N4 to 132.68 μmol · h-1 · g-1 on 0.2 wt% MSQD-CN in the absence of Pt. When Pt 

was loaded on the catalyst of 0.2 wt% MSQD-CN as an electron collector, the H2 yield was 

further improved to 363.9 μmol · h-1 ·g-1.  

 

Figure 5.9. (a) Rate of H2 production over CN loaded with different co-catalysts and (b) Cycle runs for the 

photocatalytic H2 production on 5 wt% MSQD-CN (25 vol% methanol, 0.05 g catalyst in 120 mL aqueous 

solution). 
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photocatalytic H2 evolution was detected for 5 wt% MSQD-CN composite after three 

recyclingruns. The XRD and FT-IR profiles in Figure 5.10 reveal that no apparent change 

occurred on 5 wt% MSQD-CN before and after the three cycles of photocatalytic H2 evolution 

reactions. It is inferred that the small loss of activity might be attributed to the oxidation or 

corrosion of MoS2 by photo-induced holes during the reaction process[50]. These results 

confirm that the MSQD-CN composites possess sufficient stability without structural change 

during the photocatalytic reaction process. 

Figure 5.10. (a) XRD patterns and (b) FT-IR spectra for 5 wt% MSQD-CN before and after three cycles of 

reactions. 

 

5.3.4 Photocatalytic Mechanism 

Photoelectrochemical properties of the catalysts were explored concerning the charge 

transfer and separation rates for photocatalytic mechanism. Transient photocurrents of g-C3N4 

and 5 wt% MSQD-CN were studied (Figure 5.11). Compared with g-C3N4, the photocurrent 

intensity of 5 wt% MSQD-CN decreased but exhibited a higher stability after four cycles. The 

photocurrent was obtained by guiding photo-induced electrons moving to external circuit. The 

density of photocurrent depends on many factors, such as the quality of working electrode, 

light harvesting ability of samples, and transfer efficiency of electrons. Therefore, the measured 

photocurrent intensity is not closely correlated with its photocatalytic performance. To further 

verify the relationship between photoactivity and electrochemical properties, electrochemical 

impedance spectroscopy (EIS) was adopted to complement the photocurrent curves as a more 

convincing and powerful technique in studying the interfacial charge transport behavior and 

efficiency [59, 60]. EIS measurements were performed and recorded in the semicircular 

Nyquist diagram as shown in Figure 5.12a. It is observed that the arc radius of the Nyquist plot 

of 5 wt% MSQD-CN is much smaller compared to that of pure g-C3N4 and MoS2 quantum dots, 
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indicating a lower charge transfer resistance with improved charge separation efficiency. This 

result further confirms that the decoration of MoS2 quantum dots on g-C3N4 could accelerate 

charge separation and transportation with a much slower recombination rate of photo-generated 

electron/hole pairs, which is a key contributor to the enhancement of photocatalytic H2 

production and also in agreement with the above PL results. 

 

Figure 5.11. Transient photocurrent of g-C3N4 and 5 wt% MSQD-CN. 

 

To gain further insights into the intrinsic properties of the heterojunction between MoS2 QDs 

and g-C3N4, Mott-Schottky (M-S) measurements were conducted to determine the flat band 

potential values as well as electronic band structure shifts (Figure 5.12b-d), which can be 

estimated from the plots based on equation (5.1), 

 

1/C2= (2/εrε0eNdA
2) [(V-Vfb)-kT/e]                                    5.1 

 

where Vfb (the flat band potential) can be obtained from the intercept of the plot tangents on 

X-axis when plotting 1/C2 (C is the specific capacity) versus V (V is the applied potential). The 

positive slope of the tangent lines in Figure 5.12b indicates that g-C3N4 is an n-type 

semiconductor, for which the lowest potential of conduction band (CB) can be extremely close 

to its flat-band potential. While for MoS2 QDs, a typical p-type semiconductor was observed 

with a negative slope of the plot in Figure 5.12c, whose highest potential of valence band (VB) 
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could be estimated from its flat-band potential accordingly. The flat band potentials of n-type 

g-C3N4 and p-type MoS2 QDs were calculated to be -1.10 V vs. SCE (-0.86 V vs. NHE) and 

0.99 V vs. SCE (1.23 V vs. NHE), respectively[61]. It is worth noting that an inverted ‘V-

shape’ is present in Figure 5.12d, confirming that a p-n heterojunction forms at the interface 

between g-C3N4 and MoS2 QDs with distinct electronic behavior [61]. Therefore, an internal 

electrical field (Einternal) will be formed with a direction from n-type g-C3N4 to p-type MoS2, 

leading to much more efficient charge separation of the photo-generated electrons and holes. 

The formation of p-n junction could help to explain the decrease of photocurrent in Figure 5.11 

due to possible existence of short-circuit as opposed to flowing photoelectrons to some extent. 

To better elucidate the photocatalytic mechanism and draw the schematic diagram of energy 

band structure, the exact CB and VB positions for g-C3N4, MoS2 QDs and 5 wt% MSQD-CN 

were also verified by valence band (VB) XPS spectra measurement, which could give detailed 

information related to the total density of states (DOS) of the valence band of the samples [62-

64] with results presented in Figure 5.13. As shown, the maximum VB energies of 5 wt% 

MSQD- CN, g-C3N4 and MoS2 QDs could be calculated at about 1.88 eV, 2.05 eV and 1.23 

eV respectively. Combined with band gap energy of 2.90 eV for g-C3N4 in Table 5.1, the 

minimum conduction band (CB) energy could be calculated to be at about -0.85 eV. Both of 

the results conform well with the flat band potential values estimated in Figure 5.12. 

To further identify the roles of MoS2 QDs as a co-catalyst in promoting H2 evolution activity 

during the photocatalytic process, electrochemical polarization curves were obtained in a 

typical three electrode cell. Figure 5.14a depicts the electrocatalytic H2-evolution activity for 

g-C3N4, MoS2 QDs and different MSQD-CNs, showing an obvious cathodic current in the 

range of -0.4 ~ -1.0 V (versus Ag/AgCl) with respect to H2 evolution reaction (HER). Clearly, 

MoS2 QDs exhibited the lowest onset potential for H2 evolution (only -0.44 V vs Ag/AgCl, 

obtained via the intercept of the plot tangents on horizontal axis) with the highest HER 

performance, while pure g-C3N4 showed the lowest HER activity with an onset potential of -

0.54 V vs Ag/AgCl. After introduction of MoS2 QDs, MSQD-CN sample exhibited proper 

onset potentials for H2 evolution, revealing that the MoS2 QDs plays a key role in decreasing 

the onset potential and improving electrocatalytic efficiency by acting as an active site. 

Consequently, the HER performance of MSQD-CN was enhanced with the lowering of 

activation barriers and improved kinetics for H2 evolution. In addition, 5 wt% MSQD-CN 

sample (-0.47 V vs Ag/AgCl) outperforms 2.5 wt% MSQD-CN sample (-0.51 V vs Ag/AgCl) 

with a lower onset potential, which agrees well with the tests of photocatalytic H2 evolution 

activity. 
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Figure 5.12. Nyquist plots of electrochemical impedance spectroscopy (EIS) with different electrodes in 

dark (a); Mott–Schottky curves collected on g-C3N4 (b), MoS2 QDs (c) and 5 wt% MSQD-CN (d). 

 

 Figure 5.13. VB XPS spectra of (a) 5 wt% MSQD-CN, (b) g-C3N4 and (c) MoS2 QDs. 
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Meanwhile, Figure 5.14b shows the electrocatalytic H2-evolution activities of g-C3N4, as-

synthesized MoS2 nanosheets and 5 wt% MSNS-CN. Unlike the MSQD-CN, after introduction 

of MoS2 nanosheets, the HER performance of 5 wt% MSNS-CN dropped significantly with an 

even higher onset potential. These results indicate that effective and intimate contact at the 

nanojunction of MoS2 and g-C3N4 is of vital importance to lower activation barriers as well as 

electron transport, which may account for the inferior photocatalytic H2 production on 5 wt% 

MSNS-CN to 5 wt% MSQD-CN. 

Figure 5.14. Polarization curves of g-C3N4, MoS2 QDs and different composite photocatalysts (a); g-C3N4, 

MoS2 nanosheets and 5 wt% MSNS-CN composite (b). 

 

Based on the results and discussions above, it is concluded that the improved photocatalytic H2-

evolution activity of the MSQD-CN composites could be ascribed to the enhancement of light 

absorption capacity as well as much more efficient separation of photogenerated electron/hole 

pairs. It was reported that the distance between electrons and holes is crucial to the inhibition 

of efficient recombination and prolonged lifetime of charge carriers. As a co-catalyst, MoS2 

QDs cooperating with g-C3N4 could increase light absorption and lower the activation barriers 

for H2 evolution, facilitating faster electron transfer across the interface with improved 

photocatalytic activity. However, thick layered MoS2 nanosheet leads to the light blocking 

effect, not favorable for light utilization by g-C3N4. Optimal loading of 5 wt% MoS2 QDs 

achieves the superior balance between light harvesting in g-C3N4 and charge transfer between 

g-C3N4 and MoS2 QDs. 
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Figure 5.15. Schematic diagram of energy band structure and proposed mechanism (a) before contact; (b) 

after formation of g-C3N4 and MoS2 QDs p-n heterojunction. 

 

The energy band structure and photo-generated charge transfer scheme are illustrated in 

Figure 5.15. It is shown that the conduction band of MSQD-CN is properly positioned above 

the reduction level of H2, which allows electrons to transfer for water reduction. From the band 

gap structures of MoS2 QDs and g-C3N4, traditional heterojunction-transfer mechanism [24, 

65-67] may not well interpret the results illustrated in Figure 5.15. In the traditional 

heterojunction-transfer mechanism, the photoexcited electrons will inevitably being transferred 

from the CB of MoS2 QDs (-2.18 eV) to the CB of g-C3N4 (-0.86 eV), leading to the drop in 

electron reduction potential. As such, the electrons accumulated on the CB of g-C3N4 will 

experience difficulty in reducing H+ into H2, especially in case of no Pt as cocatalyst (Figure 

5.9a). According to recent reports[56, 68-70], the enhanced photocatalytic H2-evolution 

activity could be properly explained following the PS-PS system of Z-scheme charge transfer 

mechanism for the MSQD-CN system. Under solar light irradiation, both of the electrons from 

the VB of MoS2 QDs and g-C3N4 will be excited to the CB of MoS2 QDs and g-C3N4 

correspondingly. Owing to the short electron-migration distance between MoS2 QDs and g-

C3N4 nanosheets, the photogenerated electrons from CB of g-C3N4 will combine rapidly with 

the photogenerated holes from VB of MoS2 QDs at the formed ohmic contact in the solid-solid 

interface. Therefore, more oxidative holes and reductive electrons will be retained in VB of g-
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C3N4 and CB of MoS2 QDs separately, leading to the enhancement of overall photocatalytic 

performance. Meanwhile, after coupling g-C3N4 and MoS2 QDs, the internal electrical field 

was formed at the interfacial phases as a p-n heterojunction, promoting much more efficient 

charge separation of e-/h+ pairs[41]. MoS2 QDs possess a more negative ECB with strong 

reducibility as an electron collector with unsaturated active S atoms at the exposed edges and 

will easily reduce the bonded H+ to H2[53]. Moreover, some electrons in the CB of MoS2 QDs 

will also transfer to metallic Pt and then get involved in H2 evolution. At this point, MoS2 QDs 

boosts the H2-evolution surface active sites over g-C3N4 nanosheets owing to its much lower 

electrocatalytic H2-evolution overpotentials[21]. In a word, 5 wt% MSQD-CN exhibits an 

excellent photocatalytic H2-evolution activity with enhanced light absorption ability, a smaller onset 

potential with a higher electrical conductivity and a stronger reductive capability. In addition, it is 

plausible to explain why the 5 wt% MSQD-CN sample shows a slightly higher photocatalytic H2-

evolution activity than pure g-C3N4 under visible light only. Under the visible light irradiation 

(λ> 420 nm), MoS2 QDs with a large band gap energy of 3.41 eV can hardly get photoexcited, 

while only g-C3N4 with a smaller band gap energy can respond to visible light with photo-

generated electrons and holes in the CB and VB of g-C3N4 respectively. As a result, the 

recombination without fast separation via Z-scheme charge transfer mechanism would thus 

occur. 

 

5.4 Conclusions 

 
In summary, uniform water-soluble MoS2 QDs with sizes of 2-5 nm were prepared via a facile 

one-pot hydrothermal process and were employed to modify g-C3N4 nanosheets for MoS2 

QDs/g-C3N4 photocatalysts with high photocatalytic and electrochemical H2 evolution 

activities. The introduction of MoS2 QDs results in a red shift and stronger light absorption 

capability in comparison with pure g-C3N4. Owing to quantum confinement effect, MoS2 QDs 

facilitate a faster electron transfer and efficiently prevent the charge recombination via 

lowering overpotential barriers and charge-transfer resistance. In addition, the well-matched 

band-structure of MSQD-CN composite conforms to Z-scheme charge transfer mechanism 

with a higher reductive capability, leading to the enhancement of photocatalytic H2 evolution 

activity. The highest photocatalytic H2 evolution activity was found on 5 wt% MSQD-CN, 

superior to the as-synthesized 5 wt% MSNS-CN. This study provides a novel strategy for 

designing p-n heterostructured photocatalysts for solar hydrogen production in the future. 
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Chapter 6. Flower-Like MoS2 on Graphitic Carbon 

Nitride for Enhanced Photocatalytic and Electrochemical 

Hydrogen Evolutions 
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Abstract 

 

In the last chapter, we presented the fabrication of 0D (MoS2)/2D (g-C3N4) heterojunctions 

with excellent photocatalytic H2 evolution performances. To verify if a novel 3D (MoS2)/2D 

(g-C3N4) superstructure would facilitate a prominently enhanced activity in both solar 

hydrogen evolution and electrochemical hydrogen generation from water splitting, flower-like 

MoS2 nanoparticles with thin-layers were fabricated using a one-pot hydrothermal process and 

were further attached to g-C3N4 nanosheets via their (002) crystal planes to form an intimate 

face-to-face contact. The hybrid catalysts exhibited a red-shift to the visible light region with 

an enhanced absorption capacity. At the optimal loading of 0.5 wt% MoS2, MoS2/g-C3N4 

exhibited the highest photocatalytic H2 evolution rate of 867.6 μmol·h-1·g-1 under simulated 

sunlight irradiations, which is 2.8 times as high as that of pure g-C3N4. Furthermore, the 

average photocatalytic H2 evolution rate was elevated to ca. 5 times as high as that of pure g-

C3N4 under visible light irradiations. The synergistic effect responsible for the enhanced HER 

(hydrogen evolution reaction) performance might be originated from the intimate interface 

between the light-harvesting g-C3N4 and MoS2 as the active sites with the decreased 

overpotential, lowered charge-transfer resistance and increased electrical conductivity, leading to 

a more efficient charge separation and a higher reductive potential. In addition, the lower 

overpotential and smaller Tafel slope on 0.5 wt% MoS2/g-C3N4 lead to the enhancement of 

electrochemical HER performance compared to pure g-C3N4. This chapter provides a feasible 

protocol for rational design of three-dimensional (3D)/two-dimensional (2D) nanoarchitectures 

as highly efficient HER electrocatalysts and photocatalysts towards future energy innovation. 

 

6.1 Introduction 

As a clean and renewable energy carrier, hydrogen has been extensively acknowledged as 

an ideal source to mitigate the severe global energy crisis and environmental deterioration[1, 

2]. Photocatalytic H2 evolution utilizing solar energy as well as electrochemical H2 evolution 

reaction (HER) via water splitting has aroused significant research interests worldwide[3-7]. 

Since Fujishima and Honda for the first time developed a TiO2-based photoelectrochemical 

water splitting cell in 1972[8], numerous catalytic systems composed of an earth-abundant 

light-harvesting photocatalyst with an electronic conductive co-catalyst, especially noble-metal, 

have been constructed to achieve highly efficient photocatalytic H2 evolution[9-12].  
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Most recently, two-dimensional (2D) semiconductors with a unique structure have triggered 

broad interests owing to their unprecedented optical and electronic properties [13, 14]. Among 

them, graphitic carbon nitride (g-C3N4) has attracted overwhelming research focus because of 

its narrow band gap, strong photoreduction capability as well as easy production from nitrogen-

rich precursors[15-17]. Despite these fascinating merits, pure g-C3N4 still suffers from several 

shortfalls such as limited light absorption, easy recombination of electron/hole pairs and 

sluggish electrical conductivity. To resolve these bottlenecks, a strategy of incorporating 2D g-

C3N4 with another co-catalysts with lamellar structures to form hybrid nanocomposites with an 

intimate contact interface has been proven to be highly effective with practical capabilities[18, 

19]. Meanwhile, an ideal co-catalyst might also serve as the active sites to decrease the 

overpotentials for electrocatalytic H2 evolution and lower the charge-transfer resistance to 

enhance the HER performance of g-C3N4[20]. Among a variety of layered materials, 

molybdenum sulfide (MoS2) has demonstrated its excellent HER performance and can act as 

an efficient co-catalyst for solar-to-H2 conversion[21-23]. The similarity of the layered 

structures between MoS2 and g-C3N4 poses positive effects on charge transfer and formation 

of a newly built electric field at the interface between MoS2 and g-C3N4 modulates the 

electronic band structures. Moreover, the unsaturated Mo and S atoms at the exposed edges 

will also promote the sulfur edge activity functioning as active sites[24]. So far, most of the 

reported MoS2/g-C3N4 hybrids were constructed as either 2D (MoS2)/2D (g-C3N4) or 0D 

(MoS2)/2D (g-C3N4) heterojunctions via a complicated impregnation-sulfidation approach or 

under harsh reaction conditions[14, 25-27]. However, 2D MoS2 layers tend to restack or 

aggregate due to van der Waals interaction. It is suggested that a three-dimensional flower-like 

MoS2 consisting of few-layer nanosheets may suppress the sheets stacking to expose more 

active edge planes[24], exhibiting a larger surface area with shorter transport paths, higher 

interfacial transfer, and much enhanced photoactivity[28, 29]. Thus, a simple and green 

technology for the fabrication of such hybrid nanocomposites with greatly enhanced 

electrocatalytic and photocatalytic activities is needed to be demonstrated. 

Herein, a functional hybrid of 3D (MoS2)/2D (g-C3N4) nanojunction with an intimate face 

contact was fabricated via a feasible and sustainable ultrasonic approach. In which, a unique 

flower-like MoS2 with self-assembled ultrathin nanosheets with exposed (103) and (002) facets 

was synthesized using a facile, one-pot hydrothermal process, assisted by N-acetyl-L-cysteine 

as a biomolecular capping reagent to control the morphology and growth of MoS2 nanosheets 

for the first time. The as-prepared hybrids exhibited drastically enhanced photocatalytic and 

electrocatalytic H2-evolution activities, compared to pure g-C3N4, 2D (MoS2)/2D (g-C3N4) and 
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0D (MoS2)/2D (g-C3N4). The optimal 0.5% 3D (MoS2)/2D (g-C3N4) hybrid demonstrated 

superior photocatalytic activity and stability for H2 evolution under solar and visible lights. 

Moreover, the 0.5% 3D (MoS2)/2D (g-C3N4) also showed an excellent electrocatalytic HER 

activity with a low overpotential and substantial current densities. Finally, the in-depth probe 

on photocatalytic mechanism reveals that the intimate contact interface contributes to a higher 

photoreductive potential, a faster interfacial charge separation and electrons transfer from g-

C3N4 to MoS2 to facilitate the overall photocatalytic H2 evolution reaction.  

 

6.2 Experimental Section 

6.2.1 Materials 

Urea (≥99.5%, pellets), ammonium molybdate (99.98%), N-acetyl-L-cysteine（NAC, 

≥99%), thiourea (≥99.0%), chloroplatinic acid hexahydrate (≥37.5% Pt basis), anhydrous 

ethanol, and methanol were supplied by Sigma-Aldrich, Australia. All the reagents were 

directly used as received.  

 

Scheme 6.1. Synthesis process of 3D (MoS2)/2D (g-C3N4) nanocomposites.  

 

6.2.2 Synthesis of the Catalysts  

The 3D (MoS2)/2D (g-C3N4) binary photocatalysts with the unique structure were 

successfully fabricated via a facile and reliable ultrasonic approach as illustrated in Scheme 

6.1. 

 Metal-free g-C3N4 (CN) powders were synthesized using urea as the precursor. Typically, 

10 g of urea was placed in a furnace with a cover, heated to 550 ºC at a rate of 5 ºC min−1 and 

kept at 550 ºC for 4 h in air.  

 MoS2 nanostructured (MSNS) particles were synthesized based on a facile one-pot 

hydrothermal approach[30] with prolonged reaction time. Ammonium molybdate (33.32 mg) 
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and N-acetyl-L-cysteine (66.58 mg) were dissolved in 40 mL ultrapure water in an ice-water 

bath. Thiourea (25.88 mg) was added to the above solution with further stirring for 1 h under 

N2 protection. The mixture was subsequently transferred into a 100-mL Teflon-lined stainless 

steel autoclave which was already de-aired with N2 flow, and kept at 200 °C for 24 h to form 

black sediments of MoS2. Afterwards, the black precipitates were filtered and washed with 

ethanol and deionized (DI) water, followed by drying overnight at 80 °C.  

Binary MSNS-CN composites were synthesized by an ultrasonic chemical approach. The 

as-synthesized g-C3N4 powder (0.1 g) and a certain amount of MoS2 were dispersed in 10 mL 

anhydrous ethanol with ultrasonic shaking for 1 h, followed by vigorous stirring for 10 h before 

being dried at 80 °C to remove the solvent. At last, the samples were further heated under N2 

flow at 300 °C for 1 h to strengthen the interaction between the MoS2 nanostructure and g-

C3N4 matrix. The weight ratios of MoS2 to g-C3N4 were varied from 0 to 2.5% and noted as x% 

MSNS-CN, where x = 0, 0.1, 0.2, 0.5, and 2.5 representing different weight ratios of MoS2 at 

0, 0.1 wt%, 0.2 wt%, 0.5 wt%, and 2.5 wt%, respectively.  

 

6.2.3 Characterization Techniques 

    Thermogravimetric analysis (TGA) was performed on a TGA 4000 analyzer (Perkin 

Elmer) with a heating rate of 10 C min-1. X-ray diffraction (XRD) patterns were obtained on 

Panalytical Empyrean multipurpose research diffractometer utilizing a Cu Kα radiation (λ = 

1.5418 Å). Scanning electron microscopy (SEM) images were recorded on a FEI Verios XHR 

SEM microscope. Transition electron microscopy (TEM) and high-resolution transmission 

electron microscopy images were collected on a JEOL 2100 TEM microscope. The high angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM) images were 

recorded with FEI TITAN G2 (200 kV). Fourier transform infrared (FTIR) spectra were 

recorded on a PerkinElmer Spectrum 100 spectrometer in the range of 500 - 2000 cm-1. X-ray 

photoelectron spectroscopy (XPS) measurements were conducted on a Thermo Escalab 250 

with an Al Kα X-ray. A Shirley background was first subtracted followed by component fitting 

using Voigt functions with a 30% Lorentzian component. Raman spectra were obtained on a 

confocal microscopic Raman spectrometer (WITec alpha 300RA+) using a 785 nm laser as 

irradiation light. UV-visible diffuse reflectance spectra (DRS) were recorded on an Agilent 

Cary 100 UV-Visible spectrophotometer equipped with an integrated sphere attachment. 

Photoluminescence (PL) spectra of the samples were obtained on an Agilent Cary Eclipse 

Fluorescence Spectrophotometer. 
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6.2.4 Evaluation of Photocatalytic Activity  

The photocatalytic hydrogen evolution experiments were conducted in a stainless steel 

vessel sealed with a quartz window for top-irradiation. Please refer to 5.2.3 of Chapter 5 

concerning testing conditions and procedures details. 

 

6.2.5 Photoelectrochemical Measurements 

    Photocurrent, electrochemical impedance spectroscopy (EIS) and Mott-Schottky curve 

measurements were performed on a Zahner Zennium electrochemical workstation in a standard 

three-electrode framework with a 0.05 M Na2SO4 (pH = 6.8) electrolyte solution, adopting a 

Pt wire as the counter electrode and a saturated calomel electrode (SCE) as the reference 

electrode. As for the photoanode, the sample film was fabricated on a fluorine-doped tin oxide 

(FTO) glass, which was ultrasonically cleaned in acetone and ethanol for 20 min in sequence, 

then dried at 60 C. The specific details for electrode preparation and testing process could be 

found in 5.2.4 of Chapter 5.  

 

6.2.6 Electrocatalytic Hydrogen Evolution 

Electrochemical measurements were carried out at room temperature on a Zennium 

electrochemical station (Zahner, Germany) in a standard three-electrode system, using the 

samples on the glassy carbon electrode (GCE, 5 mm in diameter) as the working electrode, an 

Ag/AgCl electrode as the reference and a Pt wire as the counter electrode. The electrolyte was 

0.5 M H2SO4 purged with N2 gas (99.999%). Details for electrodes preparation and testing 

process of linear sweep voltammetry (LSV) could be found in 5.2.5 of Chapter 5. 

 

6.3 Results and Discussion 

6.3.1 Crystal Structure, Morphology and Composition 

Thermogravimetric analysis (TGA) was implemented to determine the actual mass ratios of 

MSNS-CN samples. All of the TGA curves in Figure 6.1 show similar profiles. Compared to 

pure g-C3N4, the TGA curves of all MSNS-CN samples exhibit significant decay at lower 

temperature for both starts and ends, suggesting that the obtained MSNS-CN samples possess 

lower thermal stability, probably due to the crystallization disturbance from MoS2 [31]. The 

weight loss under 400 C could be ascribed to the oxidation process from MoS2 to MoO3 [31, 

32]. The rapid decay above 450 C represents the thermal decomposition of g-C3N4. Assuming 

that the final product after 550 C is pure MoO3, MoS2 contents were calculated to be 0.12%, 
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0.18%, 0.36% and 0.92%, corresponding to 0.1%, 0.2%, 0.5% and 2.5% MSNS-CN as-

synthesized samples, respectively. 

Figure 6.1. TGA curves of as-synthesized MSNS-CN samples.  

 

 

XRD was used to investigate the crystal structures of pure MoS2 and hybrid MSNS-CN 

samples at varying MoS2 contents of 0-2.5 wt% (Figure 6.2a). All the MSNS-CN samples 

follow the similar pattern of pure g-C3N4 with two distinct diffraction peaks at 27.6ºand 13.1º, 

representing the interplanar stacking of the conjugated double bonds for graphitic materials as 

the (002) crystal plane and the in-planar ordering of tri-s-triazine units as the (100) plane [33], 

respectively. As for pure MoS2, all the diffraction peaks conform to the typical pattern of 

hexagonal 2H-MoS2 structure (JCPDS No. 37-1492) [21] with apparent broadening and 

shortening of all the peaks, suggesting a smaller average crystallite size and less layers of MoS2 

nanosheets with a well-stacked lamellar structure, compared to bulk MoS2 [34-36]. The MSNS-

CN composite samples exhibit strong diffraction peaks of g-C3N4, and some tiny peaks of MoS2 

due to the low contents, confirming the existence of both phases. It can be seen that the 

modification with MoS2 does not pose any noticeable impact on the bulk structure and chemical 

skeleton of g-C3N4 nanosheet. 

The chemical state and surface elemental composition of the 0.5% MSNS-CN sample were 

examined by XPS (Figure 6.2b-e). Figure 6.2b gives a XPS full survey spectrum, indicating 

the existence of elements of C, N, O with a small amount of Mo and S. Corresponding peaks 

could be observed at binding energies of 287.5 (C 1s), 397.5 (N 1s), 531.5 (O 1s), 231.0 (Mo 

3d) and 170.5 eV (S 2p). An atomic C/N proportion of 0.64 was detected in the sample, 

consistent with the theoretical value of pure g-C3N4 at 0.75 [37]. Oxygen at 7.7 at.% was also 
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present, which can be ascribed to the prolonged annealing of g-C3N4 in the air as well as the 

adsorbed water molecules [38]. To achieve stronger signal-noise ratio for more convincing 

evidence, peaks from 2.5% MSNS-CN were also studied in detail after deconvolution, apart 

from the sample of 0.5% MSNS-CN. For pure g-C3N4, the C 1s peak in Figure 6.2c can be 

deconvoluted into two peaks at binding energies of ~284.6 and ~287.8 eV, respectively. The 

former can be assigned to unavoidably loaded graphitic or amorphous carbon atoms adsorbed 

on the surface (C-C/C=C bonding) [39, 40], and the latter is associated with sp2-hybridized 

carbon in the triazine rings of carbon nitride lattice (N-C=N bonding)[41-44]. As observed, the 

existence of C elements on surface of MoS2 could be ascribed to some graphitic carbon residual 

from the precursors during synthesis process, which might explain that the peak intensity of 

284.6 eV increased compared to pure g-C3N4. Depicted in Figure 6.2d, three prominent peaks 

at 398.16, 398.60, and 400.14 eV can be obtained for pure g-C3N4 by deconvoluting N1s 

(Figure 6.1d), corresponding to sp2-bonded N atoms of C−N=C, tertiary (N−(C)3) groups and 

amino functional groups (C−N−H)[10, 33, 45, 46]. This further confirms the existence of 

graphite-like g-C3N4 structure. After modification, all the N 1s peaks shift to a higher binding 

energy with increasing content of MoS2. Looking into Figure 6.2e, peaks of Mo 3d and S 2s 

are observed at binding energies of 231.5 (Mo 3d5/2), 234.6 eV (Mo 3d3/2) and 228.5 eV (S 2s) 

for pure MoS2, which are the typical values of Mo4+ peak in MoS2, convincing the predominant 

existence of Mo4+ state. It is further presented in Figure 6.2f that two strong peaks in S 2p 

spectrum appear at 164.2 and 165.5 eV, which are assigned to S 2p3/2 and S 2p1/2, respectively, 

indicating the presence of S2− in MoS2[47]. Two weak bands at 237.5 eV (Figure 6.2e) and 

171.2 eV (Figure 6.2f) suggests the possible presence of Mo6+ and S6+ respectively, owing to 

the small amount of oxide species during the calcination process. Compared with pure MoS2, 

both of Mo 3d and S 2p peaks of 2.5% MSNS-CN shift to a lower binding energy, indicating 

the change of chemical microenvironment of Mo and S atoms after g-C3N4 hybridizes with 

MoS2. The opposite shifting tendency between N 1s and Mo 3d (S 2p) suggests that the total 

electron density has migrated from g-C3N4 to MoS2 due to the stronger electronegativity of S 

atoms, thus facilitating the change of bonding and the formation of interface. The high-

resolution spectra of XPS further confirmed the existence of MoS2 in the hybridized samples. 

The morphology and microstructure of the as-synthesized samples of MoS2, g-C3N4 and 0.5% 

MSNS-CN were investigated by SEM. As shown in Figure 6.3a and Figure 6.3b, pure MoS2 

particles demonstrate a 3D flower-like nanostructure with diameters about 400-600 nm and are 

consisted of thin nanosheets showing thickness around 10 nm. Interestingly, the tiny plate-like 

subunits interconnected with each other by sharing one edge to form the three-dimensional 
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flower-like networks. The rippled nanoplates in ultrathin features self-assembled to constitute 

the loose porous architecture to avoid a disordered stacking of MoS2 layers, which might be 

beneficial in exposing more edges as active sites and enlarging specific surface area to shorten 

the diffusion path for both reactant molecules and surface charges[28]. Different from the 

sheet-like structure of pure g-C3N4 in Figure 6.3d, the MoS2/g-C3N4 (0.5 wt%) composite in 

Figure 6.3c exhibits more loose and fluffy microstructure, indicating the incorporation and 

coating of MoS2 nanoflowers into the matrix of g-C3N4 nanosheets. The intimate contact of the 

3D MoS2 superstructure with 2D g-C3N4 nanosheets might facilitate the enhancement of 

photoactivity with the controllable porous nanostructure. 

TEM and magnified HRTEM images of g-C3N4, MoS2 and 0.5% MSNS-CN are shown in 

Figure 6.4. Derived directly from urea, this pristine g-C3N4 exhibits a typical silk-like 

morphology of thin nanosheets (Figures 6.4e & 6.4f), which could facilitate a faster charge 

transfer and separation than that on densely stacked layers [11]. Figure 6.4a shows flower-like 

MoS2 nanostructure with the high-resolution TEM (HRTEM) image as shown in Figure 6.4b. 

The constituents of the ultrathin nanosheets show crumpling and bending flakes with thickness 

of 5-10 nm, which agrees well with the SEM observations. Ordered lattice fringe (103) together 

with commonly observed lattice fringe (002) can be observed clearly, showing a lattice spacing 

of 0.23 nm and 0.62 nm with a good crystallinity [7, 48]. This is in accordance with the XRD 

results in Figure 6.4a for MoS2 nanostructure. The specific exposed crystal planes other than 

the chemically inert basal plane of (002) could benefit the exposure of more active sites for 

HER performance [49]. 

TEM and HRTEM images of 0.5% MSNS-CN sample are shown in Figure 6.4c-d, revealing 

that the crystallized MoS2 with thin-layers has covered the surface of g-C3N4 with a similar 

layered structure. As can be seen in Figure 6.4d, approximately 5-8 slabs of MoS2 have been 

uniformly deposited on g-C3N4, forming intimate junctions during the impregnation and 

calcination process. According to previous reports [48, 50], the similarity of layered structures 

between g-C3N4 and MoS2 might bring in an advantage to the junction formation, promoting 

the growth of MoS2 slabs on the surface of g-C3N4. Most of nanosheets in the MoS2 

nanoflowers (Figure 6.4d) are relatively thin (averagely 3.7 nm), even thinner than that of pure 

MoS2 observed in Figure 6.4b. This is probably because of the ultrasonic or calcination process 

during the synthesis of the composite sample [19, 21]. Owing to the electron-tunneling effect, 

thinner layers composing the 3D nanoflowers could facilitate higher charge transport efficiency 

across the interface than multi-layers of MoS2 deposited on the surface of g-C3N4. 
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Figure 6.2. (a) XRD patterns of pure g-C3N4 and MSNS-CN composite samples; (b) XPS survey of 0.5% 

MSNS-CN; High-resolution XPS spectra of (c) C 1s (d) N 1s (e) Mo 3d and (f) S 2p for all samples. 
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Figure 6.3. SEM images of (a-b) MoS2; (c) 0.5% MSNS-CN; (d) g-C3N4. 

 

Thus, the MoS2 nanostructure was proven to be closely attached to the g-C3N4 nanosheets 

via their (002) crystal planes (interlayer spacings of 0.62 nm) with an intimate interfacial 

contact, which contributes to efficient hydrogen evolution by means of a shorter charge 

transport distance, faster separation of electron-hole pairs on thin nanosheets both internally 

and externally. STEM-EDX elemental mapping was also implemented to investigate the 

distribution patterns of elements more intuitively. EDX spectrum (Figure 6.5a) and high angle 

annular dark field scanning TEM (HAADF-STEM) image with corresponding elemental 

mapping images of 0.5% MSNS-CN (Figure 6.5b) confirm the existence of the four major 

elements (C, N, Mo and S) with uniform distribution and intimate contact. Further observation 

reveals that flower-like MoS2 particles are densely deposited into the broader matrix of g-C3N4. 

 

(a) (b)

(c) (d)
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Figure 6.4. TEM images of MoS2 (a) and 0.5% MSNS-CN (c); HRTEM images of MoS2 (b); 0.5% MSNS-

CN (d); TEM images of g-C3N4 (e) (f). 
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Figure 6.5. (a) EDX spectrum and (b) STEM-EDX elemental mapping of the optimum 0.5% MSNS-CN 

composite. 

  

 To gain detailed morphology information of the sample with Pt deposition, TEM images of 

g-C3N4 decorated with both MoS2 and Pt nanoparticles are well illustrated in Figure 6.6. 

Clearly, the sample exhibits well-dispersed ultrafine Pt nanoparticles of ~2.5 nm on thin g-

C3N4 nanosheets. Observation from HRTEM reveals that photodeposition of Pt was further 

confirmed by the (111) crystal plane with lattice spacing of ~0.222 nm. 

Figure 6.6. (a) TEM; (b) HRTEM image of the optimum 0.5% MSNS-CN composite after in-situ 

photodeposition with 2% Pt. 

  (a) 

(b) 
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As shown in Figure 6.7a, Raman spectra were recorded to investigate the vibrational 

properties of the samples. Clearly, two Raman bands at ~382 and ~412 cm-1 could be observed 

for MoS2 sample, corresponding to the in-plane (E2g
1) and the out-of-plane (A1g) mode 

vibrations of Mo-S bond [32], respectively. Both pure g-C3N4 and 2.5% MSNS-CN exhibit 

similar band profiles due to disordered graphitic carbons and other surface defects[51], except 

for the newly observed Raman bands at 380 cm-1 as a representative E2g
1 mode of MoS2. In 

addition, two typical peaks at 1355 and 1570 cm-1 correspond to the “D” and “G” band profiles 

with their band intensities (ID/IG) increased after the modification of MoS2, indicating a lower 

graphitic carbon content in the composite sample [51]. The Raman results help convince the 

successful decoration of MoS2 on the surface of g-C3N4, suggesting the intimate contact 

between the MoS2 and g-C3N4.  

FT-IR spectra of all the samples are illustrated in Figure 6.7b, and all the MSNS-CN 

composite samples follow the similar chemical skeleton of pure g-C3N4 with no obvious peaks 

of MoS2 detected, in good agreement with previous XRD analysis. The absorption bands 

dominate in the range of 1200-1700 cm-1, presenting characteristic peaks at 1228, 1329, 1427, 

1567 and 1632 cm-1. These peaks can be ascribed to typical stretching modes of CN 

heterocyclic compounds [52]. Meanwhile the sharp peak appearing at 805 cm-1 represents the 

vibration mode of the tri-s-triazine (melem) unit. It can be seen that there is apparent decrease 

of peak intensity or red shift in peak location with increasing MoS2 content. These changes 

might be attributed to the hydrogen bonding interactions of S⋯H–N after modification with sulfur 

atoms of MoS2, helping to proving the formation of strong interfacial interactions between MoS2 

and g-C3N4 [53, 54]. 

Figure 6.7. (a) Raman spectra of g-C3N4, MoS2 and 2.5% MSNS-CN; (b) FI-IR spectra of the as-

synthesized samples. 
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 6.3.2 Optical Properties 

Figure 6.8. (a) UV-vis DRS spectra; (b) the plots of (αhv) 1/2 versus band-gap energy (hv) of MSNS-CN 

composite samples; (c) UV-vis absorption spectrum of MoS2 nanosheets. Right inset: the plots of (αhν)
 2

 

versus band-gap energy (hν) and (d) Mott–Schottky plot of pure MoS2 film electrode. 

UV-vis diffuse reflectance spectra (DRS) of g-C3N4, MoS2 and MSNS-CN composites are 

displayed in Figure 6.8. As it is seen from Figure 6.8a, the absorption edge of pure g-C3N4 is 

estimated to be around 479 nm and most of the composite samples show a slight red-shift to 

the broader range of visible light. Furthermore, the introduction of MoS2 has enhanced the light 

absorption capacity both in UV and visible light range, which might contribute to the enhanced 

production of electron-hole pairs. Based on Tauc’s equation )()( g
n Ehkh −=   (where α, 

  and Eg represent absorption factor, light frequency and band gap energy, respectively; n=1/2 

for indirect-gap semiconductors and n=2 for direct gap semiconductors) [15, 37], the band-gap 

energies of all the samples were calculated and listed in Table 6.1. The corresponding band-

gap energies are displayed in Figure 6.8b and Figure 6.8c (inset). The shifts of the band-gap 

energy of the composites also prove that the MoS2 decoration has changed the properties of g-
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C3N4 due to the formation of effective heterojunction. The band gap value for pure g-C3N4 was 

estimated to be 2.61 eV, which conforms to the previous reports [17, 55, 56]. MoS2 exhibits a 

relatively wide absorption throughout UV-vis light region. Compared to the absorption edge 

of bulk MoS2 with a narrow band gap at around 1.23 eV in previous work [57, 58], an obvious 

blue-shift from MoS2 thin nanosheets was noticed with a band gap value of 1.96 eV in Figure 

6.8c due to strong quantum confinement effects, which makes MoS2 a possible efficient visible-

light co-catalyst. 
     

 

 

Table 6.1. Band-gap energy of g-C3N4 and MSNS-CN composites. 

Sample Band-gap (eV) 

g-C3N4 2.61 

0.1% MSNS-CN 2.66 

0.2% MSNS-CN 2.38 

0.5% MSNS-CN 2.50 

2.5% MSNS-CN 2.48 

MSNS 1.96 

 

6.3.3 Photocatalytic HER Activity and Stability 

Figure 6.9. Comparison of (a) photocatalytic H2 evolution amount and (b) photocatalytic H2 evolution rate 

over different samples under simulated solar light irradiations. (25 vol% methanol, 2.0 wt% Pt, 0.05 g 

catalyst in 120 mL aqueous solution) 
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From our previous work[27], a 0D (MoS2)/2D (g-C3N4) heterojunction has been fabricated 

with an optimal photocatalytic H2 evolution rate at 576.6 μmol·h-1·g-1. For comparison, a 2D 

(MoS2)/2D (g-C3N4) heterojunction was also prepared and presented a relatively lower 

photocatalytic HER rate at 425.4 μmol·h-1·g-1 under the same reaction conditions. To verify if 

a novel 3D (MoS2)/2D (g-C3N4) superstructure would facilitate a more superior photocatalytic 

H2 evolution performance, the similar study over pure MoS2 and MSNS-CN with different 

MoS2 contents were also conducted (Figure 6.9). It is worth noticing that MoS2 alone is not 

active for photocatalytic H2 evolution from water, although being an excellent co-catalyst for 

g-C3N4. The overall evolved hydrogen over pure g-C3N4 after 4 h was only 62.4 μmol. As the 

MoS2 content increases, the rate of photocatalytic H2 evolution increases accordingly and 

reaches the peak value of 867.6 μmol·h-1·g-1 at 0.5% MSNS-CN, which was approximately 2.8 

times higher than pristine g-C3N4. As listed in Table 6.2, 0.5% MSNS-CN sample in this study 

shows the best photocatalytic HER activity compared to previous studies, which is 1.5 times 

as high as that of 5% MSQD-CN [27] (the optimal one for 0D (MoS2)/2D (g-C3N4) composites) 

under the same reaction system. However, the hydrogen evolution activity of MSNS-CN 

decreased with further increasing MoS2 loading, probably due to the blocking effect for light 

absorption and the reduced active sites on the surface of g-C3N4 [14, 59]. Earlier studies show 

that thin-layered MoS2 nanosheets favor accelerated charge transport and separation via a 

shorter path, thus leading to the enhanced photocatalytic efficiency for hydrogen evolution [23, 

60]. As a recognized effective HER catalyst [22, 61, 62], MoS2 nanosheets with thin layers and 

a defect-rich structure often boost a superior HER activity by strengthening the exposure of 

active edge planes except for preferentially exposed stable planes of the (002)[21, 49], 

contributing to a higher performance of photocatalytic H2 evolution. For comparison, 

photocatalytic H2 evolution testing with 0.5% MSNS-CN without deposition of Pt under the 

same reaction conditions. As shown in Figure 6.10, only 15.6 μmol of hydrogen was produced 

after 4 h with an average photocatalytic H2 evolution rate of 78.0 μmol·h-1·g-1. After deposition 

of Pt, the H2 evolution rate was enhanced to 867.6 μmol·h-1·g-1. Indeed, co-catalyst Pt plays an 

important role in hydrogen generation process with the detailed mechanism further discussed 

later. 

To further study the photocatalytic H2 evolution activity of 0.5% MSNS-CN under visible 

light only, photocatalytic HER experiments were conducted with a light cutoff filter (λ＞420 

nm). Figure 6.11 illustrates that 0.5% MSNS-CN exhibits the outstanding H2 evolution rate at 

133.50 μmol·h-1·g-1, which is about 5 times as high as that of pure g-C3N4 (26.56 μmol·h-1·g-
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1). The overall hydrogen evolution amounts over the 0.5% MSNS-CN and g-C3N4 reach 533.99 

and 106.26 μmol·g-1, respectively, after 4 h visible light irradiations. A full comparison of 

photocatalytic H2 evolution performance on 0.5% MSNS-CN sample between simulated 

sunlight and visible light irradiations is illustrated in Figure 6.12a. Both of the hydrogen 

production increased continuously with the prolonged irradiation time, while the production 

amount of H2 outperformed dramatically under simulated solar light than that under visible 

light irradiations. Concerning the overall H2 output, the elevation efficiency of 0.5% MSNS-

CN relative to pure g-C3N4 was even more prominent under visible light irradiations. After 4 

h, the corresponding H2 evolutions reached 3470.40 μmol·g-1 and 533.99 μmol·g-1, respectively. 

Thus, 0.5% MSNS-CN was proven to exhibit optimal hydrogen evolution performance and 

was chosen to further study the intrinsic photocatalytic mechanism. Apart from its excellent 

photocatalytic H2 evolution performance, 0.5% MSNS-CN also maintains a high stability with 

five-cycle runs under simulated sunlight irradiations. In detail, a time-circle photocatalytic H2 

evolution test was performed with evacuation every 4 h (Figure 6.12b). After a 20 h successive 

reaction, the photocatalytic H2 evolution amount still achieved 158.20 μmol without a 

noticeable decrease. After the five runs, the catalysts were stored for 1 year and tested again, 

showing a similar catalytic performance with only a decay of 18%. This decrease in the 

photocatalytic performance could be attributed to the various degrees of break down and 

depletion of 3D flower-like MoS2 compared to the pristine hybrid material, which could be 

further convinced by the relevant TEM and EDS tests in Figure 6.13. The XRD analysis from 

Figure 6.13b also reveals that the crystal structure and core skeleton of 0.5% MSNS-CN did 

not change after the long-time testing. These results well illustrated that the as-prepared 0.5% 

MSCN-CN composite has formed a solid heterostructure with a sound stability and durability. 

 

Table 6.2. Photocatalytic HER activities of graphitic carbon nitride modified with different co-catalysts. 

Catalyst Cocatalyst Electron donor 

λ  

(nm) 

Hydrogen 

Evolution 

(μmol.h-1.g-

1) 

Reference 

g-C3N4 1.5 wt% polypyrrole+3 wt% Pt Acetic acid Xe lamp 154  [63] 

g-C3N4 3 wt% Pt Methanol Xe lamp 300  [64] 



- 152 - 

 

g-C3N4 0.15 wt% CoTiO3+3 wt% Pt Ethanol Xe lamp 858  [65] 

g-C3N4 5 wt% MSQD+ 2 wt% Pt Methanol Xe lamp 576.6  [27] 

g-C3N4 3 wt% CoP+3 wt% Pt Methanol Xe lamp 1125  [66] 

g-C3N4 0.5%CB-1.0%NiS  TEOA Xe lamp 366.4  [67] 

g-C3N4 0.5%MoS2+ 2 wt% Pt Methanol Xe lamp 867.6 This work 

 

Figure 6.10. Photocatalytic H2 evolution over 0.5% MSNS-CN under full light irradiations during 4 h 

without Pt (25 vol% methanol, 0.05 g catalyst in 120 mL aqueous solution). 

 

Figure 6.11. (a) Photocatalytic activities for H2 evolution and (b) time-dependent photocatalytic H2 

evolution process over pure CN and 0.5% MSNS-CN under visible light irradiations during 4 h (25 vol% 

methanol, 2.0 wt% Pt, 0.05 g catalyst in 120 mL aqueous solution). 
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Figure 6.12. (a) Rate of H2 production over CN and 0.5% MSNS-CN with various light sources and (b) 

Cyclic runs for the photocatalytic H2 production on 0.5% MSNS-CN.  

 

Figure 6.13. (a) EDX spectrum, (b) XRD and (c) TEM image of the recycled 0.5% MSNS-CN sample 

after long-time testing. 

 

6.3.4 Photocatalytic Mechanism 
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spectroscopy (EIS), transient photocurrent responses and Mott-Schottky (M-S) measurements 

were conducted. Figure 6.14a displays the PL spectra of all the MSNS-CN samples at an 

excitation wavelength of 325 nm. All the samples demonstrate similar emission trends with a 

main emission peak centered at 460 nm, originating from the recombination of the 

photoinduced electrons and holes corresponding to the band gap transition[33, 40]. Compared 

to pure g-C3N4, the introduction of MoS2 leads to a much lower PL intensity, indicating the 

improved separation efficiency and suppressed recombination rate of the induced charge 

carriers at the interface. This PL result matches well with the photocatalytic H2 evolution 

activities as discussed in Figure 6.9.   

    Furthermore, the photoelectrochemical properties were studied focusing on the optimal 0.5% 

MSNS-CN sample to probe into the inherent mechanism for the enhancement of charge carrier 

separation and transportation. The photocurrent I-t curves for g-C3N4 and 0.5% MSNS-CN 

samples were acquired under intermittent simulated solar light irradiations (Figure 6.14b). It 

can be seen that the binary photocatalyst exhibits a much higher photocurrent density with a 

good stability after four cycles than pure g-C3N4, indicating that the existence of MoS2 is able 

to boost more efficient interfacial charge transfer between the g-C3N4 and MoS2. As a most 

convincing technique in electrochemical study, EIS was employed to further confirm the 

interfacial charge transport resistances [68-70]. Figure 6.14c shows that the arc radius for 0.5% 

MSNS-CN film is much smaller than that of pure g-C3N4, suggesting an improved charge 

migration efficiency across the electrode/electrolyte due to higher conductivity and lower 

charge transfer resistance of MoS2. This result is in good agreement with the PL observation, 

confirming that the heterojunction between g-C3N4 and MoS2 accelerates the electron-hole 

separation and transport process, and contributes to the enhancement of photocatalytic H2-

production activity. 

  To better elucidate the intrinsic properties of the electronic band structure of the different 

films in contact with the electrolyte solution, the flat band potential of g-C3N4 and 0.5% MSNS-

CN film electrodes were investigated using the Mott-Schottky (M-S) measurements. While 

plotting 1/C2 versus V, the flat band potentials (Vfb) can be acquired by extrapolating the linear 

part of the curves to zero [27, 71, 72]. Both g-C3N4 and 0.5% MSNS-CN exhibit the typical n-

type semiconductor properties with the minimum potential levels of the conduction band (CB) 

very close to their flat band potentials. From the intercepts of the tangents on the horizontal 

axis in Figure 6.14d, the flat band potentials of g-C3N4 and 0.5% MSNS-CN were estimated to 

be -1.09 V vs. SCE (-0.85 V vs. NHE) and -1.18 V vs. SCE (-0.94 V vs. NHE), respectively, 

displaying a slight negative shift of the conduction band potential. This upward band alignment 
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might foster the building of an electric field at the interface between g-C3N4 and MoS2, which 

will drive the faster and more efficient separation of electrons and holes. Considering the band 

gap energy of 2.61 eV for g-C3N4 and 2.50 eV for 0.5% MSNS-CN accordingly, the maximum 

valence band (VB) energy levels were calculated to be 1.76 and 1.56 eV for g-C3N4 and 0.5% 

MSNS-CN, respectively. Apparently, 0.5% MSNS-CN provides a more negative potential for 

photocatalytic reduction of water thermodynamically. The M-S plot collected on pure MoS2 is 

displayed in Figure 6.8d, in which the MoS2 also shows a typical n-type feature[73] with a flat 

band potential at around -0.66 V vs. SCE (-0.42 V vs. NHE). 

 

Figure 6.14. (a) PL spectra of pure g-C3N4 and different MSNS-CN samples; (b) Transient 

photocurrent responses of g-C3N4 and 0.5% MSNS-CN; (c) Nyquist plots of electrochemical 

impedance spectroscopy (EIS) with different electrodes in the dark; (d) Mott–Schottky plots collected 

on g-C3N4 and 0.5% MSNS-CN. 

   

    To further confirm the separation efficiency of the charge carriers between g-C3N4 and MoS2, time-

resolved fluorescence emission decay spectra were recorded (Figure 6.15a). The curves were fitted based on 

equation f(t)=A + B1 × exp(-t/T1) + B2 × exp(-t/T2)[74] with the parameters summarized in Table 6.3, where 

T1/T2 represent lifetimes, B1/B2 represent pre-exponential factors and Tavg means the average lifetime of 

the carriers. The average decay lifetime was increased from 3.569 to 3.881 ns after the introduction of 0.5 

wt% MoS2. The slightly prolonged lifetime of the charge carriers gives rise to the probability of more 

involvement in photocatalytic reduction reaction instead of recombination, indicating a higher transfer and 
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separation efficiency. This result well supplements the above PL and photoelectrochemical findings in 

elucidating the promoted photocatalytic reaction mechanism.   

Figure 6.15. (a) Time-resolved fluorescence emission decay curves of g-C3N4 and 0.5% MSNS-CN 

observed at 446 nm with 325 nm laser excitation; (b) Photograph showing the evolution of H2 gas bubbles 

during HER process. 

 

Table 6.3. Fitted data summary of time-resolved fluorescence decay of the related samples 

 

 

    The electrochemical HER performance of the optimal 0.5% MSNS-CN sample was then 

evaluated in comparison with pure g-C3N4 and MoS2 to further identify the roles of MoS2 as a 

co-catalyst during the photocatalytic H2 evolution process. The linear sweep voltammetry 

(LSV) curves were recorded in N2-saturated 0.5 M H2SO4 solution with a three-electrode 

system showing their HER activity. As can be seen in Figure 6.16a, all the electrodes display 

apparent cathodic currents within the range of 0 ~ -0.4 V (versus RHE) with increasing amount 

of H2 gas bubbles from the surface of the working electrode (Figure 6.15b). In detail, pure 

MoS2 exhibits the highest electrocatalytic activity among the three samples with the lowest 

onset potential at -0.01 V vs RHE, while the HER catalytic performance of pure g-C3N4 was 

very poor showing a high onset potential of -0.12 V vs RHE and a relatively weak cathodic 

current. After modification with MoS2, the HER activity was slightly enhanced with the onset 

potential shifting to -0.09 V vs RHE, and a significant current of 10 mA·cm-2 for H2 evolution 
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could be obtained at an extremely low overpotential of -0.20 V vs RHE. In addition, Tafel slope 

is also addressed to reflect the inherent properties of the electrocatalysts, which can be inferred 

from the linear portions of the Tafel plots based on the Tafel equation (η=b log j + a, where η 

is the overpotential; b is the Tafel slope and j represents the current density)[6, 44, 75]. As it is 

shown in Figure 6.16b, the Tafel slopes for g-C3N4, MoS2 nanosheet and 0.5% MSNS-CN were 

estimated to be 194, 98 and 96 mV/dec, respectively. The smaller slope of 0.5% MSNS-CN 

relative to g-C3N4 also signifies a much improved HER performance kinetically. Compared to 

pure g-C3N4, the HER performance of 0.5% MSNS-CN was enhanced with a lower onset 

potential, a higher current density (at a fixed voltage, for example, -0.3 V), as well as a much 

smaller Tafel slope, thus the activation barriers were decreased, leading to improved H2 

evolution kinetics and activity. The EIS results in Figure 6.14c may well explain the enhanced 

HER performance of 0.5% MSNS-CN for its low charge-transfer resistance and high 

conductivity.  

 

  

Figure 6.16. (a) Polarization curves; (b) Corresponding Tafel plots of g-C3N4, MoS2 and 0.5% MSNS-

CN composite samples. 

 

    Given the discussions above, the improved photocatalytic H2-evolution activity of the 

MSNS-CN composites can be attributed to the enhanced light absorption ability, decreased 

electrocatalytic H2 evolution overpotentials as well as more efficient transfer and separation of 

photoinduced electron/hole pairs. On one hand, the introduced MoS2 co-catalyst can serve as 

an electron acceptor with a higher conductivity and lower charge-transfer resistance. Under 

light irradiations, the photoinduced electrons from the conduction band of g-C3N4 will be 

transferred to the lower conduction band of MoS2. The intimate interfacial contact between g-
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efficiency of electrons. Without loading of MoS2 as the co-catalyst, the photo-generated 

electrons and holes will easily recombine at both bulk and surface of g-C3N4. MoS2 would act 

as active sites to accelerate the overall photocatalytic and electrochemical H2 evolution 

reactions. The unsaturated active S atoms along the exposed edges over the basal planes of 

MoS2 layers can bond to H+ in the solution, which will then be reduced to H2 easily by trapping 

electrons[21]. On the other hand, MoS2 could serve as an excellent co-catalyst owing to its 

lower electrocatalytic H2-evolution overpotential relative to pure g-C3N4, which also plays a 

key role as active sites over g-C3N4 nanosheets. The loading ratio of 0.5% with the best 

photocatalytic H2-evolution performance may reach an optimal balance between charge 

carriers transfer at the interface and light absorption on g-C3N4 as the light-harvesting 

semiconductor. Additionally, the loading of MoS2 also increases the water reduction ability by 

slightly shifting the conduction band to a more negative potential position. Overall, the energy 

band structure and proposed mechanism for charge transfer and separation scheme are clearly 

illustrated in Figure 6.17. It is shown in Figure 6.17a that the conduction band of 0.5% MSNS-

CN shifted upward slightly relative to pure g-C3N4, providing a more negative potential for 

photocatalytic water reduction reactions. The bottom energy level of the conduction band (CB) 

of 0.5% MSNS-CN is at -0.94 V (vs NHE, pH=7), resulting in a stronger thermodynamic force 

for water reduction. The detailed mechanism for the transport and separation of electron-hole 

pairs were illustrated in Figure 6.17b.  

    According to the energy band structure theory, under sunlight irradiations, the electrons 

excited into the CB of g-C3N4 will be transferred to the lower CB of MoS2 to form an electron 

center, while most of the holes will remain in the VB of g-C3N4 for methanol oxidation to 

hinder the fast recombination of electron-hole pairs. MoS2 as a co-catalyst can act as surface 

active sites owing to its lower overpotential of H2 evolution reaction and unsaturated bonds to 

H+ [76]. Also because of its high electrical conductivity and low charge-transport resistance, 

MoS2 stands out to be a favorable co-catalyst for electrons accepting and storing. Thus, part of 

the electrons will be further transferred to Pt nanoparticles to drive evolution of H2. Large 

amount of H+ in the solution will be strongly bonded to the unsaturated active S atoms along 

the exposed edges over the basal planes of MoS2, which will then be easily reduced to H2 by 

the trapped electrons in the CB of MoS2[77]. Under visible light irradiations, the modification 

of MoS2 has promoted a wider absorption within the visible region with the band edge shifting 

slightly to the right. The presence of MoS2 would decrease the reflection of light and also 

enhance the conductivity over g-C3N4, which accelerates the above electron transition process 
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with strengthened photo-absorption abilities. Overall, the enhanced photocatalytic H2 evolution 

performance would be attributed to the introduction of MoS2 to form an effective interfacial contact 

with a decreased onset potential, lower charge-transfer resistance and higher reductive potential. 

  

Figure 6.17. (a) Energy band structure diagram of g-C3N4 and 0.5% MSNS-CN; (b) Proposed mechanism 

of photocatalytic H2 evolution over g-C3N4/MoS2 heterojunction. 

 

 

6.4 Conclusions 

 

   In conclusion, 3D flower-like hexagonal 2H-MoS2 composed of nanosheets with thin-layers 

were prepared using a facile hydrothermal approach, and then further employed to modify g-

C3N4 nanosheets with a similar layered structure to achieve MoS2/g-C3N4 hybrid photocatalysts 

via a simple ultrasonic process. The as-formed intimate junctions contribute to highly enhanced 

photocatalytic and electrocatalytic H2 evolution activities. The highest photocatalytic 

efficiency was observed on 0.5% MSNS-CN with a hydrogen evolution reaction rate of 867.6 

μmol·h-1·g-1 under simulated sunlight irradiations. Compared to pure g-C3N4, the 

photocatalytic H2 evolution activity was elevated to about 2.8 times higher at sunlight 

irradiations and about 5 times higher for visible light irradiations, which could be ascribed to 

the flower-like MoS2 structural features as well as the synergetic effect between the 3D MoS2 

and 2D g-C3N4. This 3D/2D hybrid also presents better photocatalytic performance than its 

0D/2D and 2D/2D analogues, which is discussed in Chapter 5. The introduction of MoS2 
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nanoflowers leads to a broader absorption range and a strengthened photo-absorption capability 

compared to pure g-C3N4. As an electron acceptor and also the active sites over g-C3N4, the 

unique flower-like nanostructure of MoS2 boosted a much higher and stable photocatalytic H2 

evolution activity with exposure of more active edge planes and shortened diffusion channels 

for charge transfer and separation. The proposed mechanism for the enhancement lies in the 

effective interfacial contact formed at the 3D (MoS2)/2D (g-C3N4) heterojunctions with a decreased 

onset potential, a lower charge-transfer resistance and a higher reductive potential with a more 

negative conduction band position. All the combined effects improved the photocatalytic H2 

evolution activity thermodynamically and kinetically. In addition, the lowered overpotential and 

smaller Tafel slope of 0.5% MSNS-CN also promise the enhanced electrocatalytic H2 evolution 

performance with a decreased activation barrier and facilitated kinetics. This study provides 

insights into synthesizing 3D/2D hybrid photocatalysts with similar layered structures for solar 

hydrogen production, especially for achieving a sustainable energy solution in the future. 
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Chapter 7. Graphitic Carbon Nitride Decorated with CoP 

Nanocrystals for Enhanced Photo, Electro and 

Photoelectrochemical H2 evolution 
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Abstract 

 

In this chapter, polydispersed CoP nanoparticles in an orthorhombic phase were synthesized 

via a gas-solid reaction and then deposited on g-C3N4 (CN) to form CoP/g-C3N4 heterostructure. 

Nanorod-like CoP nanoparticles with a length of 10-80 nm were connected to g-C3N4 

nanosheets via their (011) crystal planes to form an intimate face-to-face contact. This unique 

heterojunction hybrid exhibits superior photocatalytic and electrocatalytic H2 evolution 

performances, photoelectrochemical response as well as excellent overall water splitting 

activity. Compared with the optimal samples presented in the previous two chapters, 0.5% 

CoP-CN composite catalyst boasts at its highest photocatalytic H2 evolution rate of 959.4 

μmol·h-1·g-1 under simulated solar light irradiations, almost 3.1 times as high as that of pure g-

C3N4. Under visible light irradiations, the photocatalytic H2 evolution rate was elevated to 

almost 15.8 times that of pure g-C3N4. The onset potential for electrochemical HER process 

was drastically reduced as compared to pure g-C3N4. Also, a larger photocurrent with higher 

response was detected during the photoelectrochemical hydrogen evolution reactions (PEC 

HER). The enhancements for photocatalytic, electrocatalytic and PEC HER activity are mainly 

attributed to the construction of the intimate interfacial contact for reduced overpotentials, lowered 

charge carrier resistance and stronger photo-reductive potentials, contributing to a much more 

efficient separation and transfer of charge carriers. This study provides a proof-of-concept design 

and construction of highly efficient cobalt phosphide-based heterojunctions for hydrogen evolution 

and water splitting applications. 

 

 

7.1 Introduction 

Recent advancement on developing hydrogen energy via photocatalytic, electrocatalytic and 

photoelectrochemical (PEC) water splitting has drawn tremendous attention as a promising 

technology for sustainable energy and clean environment [1-5].  To achieve a high efficiency 

for solar energy conversion, a rational design of highly efficient semiconductor-based 

photocatalysts is essential to drive hydrogen evolution from water splitting. Among various 

systems, non-metal graphitic carbon nitride (g-C3N4, CN) has emerged as an ideal candidate 

for photocatalytic and PEC hydrogen generation with low cost and earth-abundant precursors 

[6, 7]. Pure g-C3N4 with a narrow band gap of ~2.7 eV is responsive to visible light, however 
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its quantum efficiency is relatively low due to the high recombination rate of photo-generated 

charge carriers. Moreover, it suffers from low electrical conductivity and also self-

decomposition by photo-generated holes during the photocatalytic processes. To address these 

issues, loading appropriate earth-abundant co-catalysts on g-C3N4 to form effective 

heterostructure can promote efficient spatial charge separation and reduce activation energy of 

HER process, which is both feasible and economic. Among various noble metal-free cocatalyts 

for enhanced photocatalytic hydrogen evolution activity, transition metal dichalcogenide 

(TMD) such as MoS2 has been mostly studied recently as outstanding cocatalysts to boost H2 

evolution from water reduction [8-12], which could also be found in our previous two chapters.  

Metal phosphides, such as CoP, Co2P and Ni2P, start to attract wide attention recently as 

acid-compatible electrocatalyts for HER process as another category of earth-abundant 

cocatalysts[13-16]. For the first time, Fu’s group reported that cobalt phosphide (Co2P) could 

be a potential cocatalyst on CdS nanorods for efficient photocatalytic H2 evolution from water, 

demonstrating the highest H2 evolution rate up to 19373 μmol. h−1. g−1 with the apparent 

quantum yield reaching 6.8% after 10 h irradiation of LED light (30 × 3 W, λ ≥ 420 nm) [17]. 

Apart from the applications in photocatalytic H2 evolution reaction, cobalt phosphide has also 

been adopted as a co-catalyst to modify graphitic carbon nitride in overall water splitting 

without any sacrificial agent [18]. The introduction of CoP could boost the charge separation 

and reduce the over-potential for oxygen evolution reaction (OER) process as it can also act as 

a prominent OER electrocatalyst [19]. Due to its dual functional roles in water splitting 

reactions and scarce research for CoP on photocatalytic or PEC HER process currently, it is 

worth investigating on cobalt phosphide-based photocatalysts for possible applications on 

photocatalytic or PEC hydrogen evolution. 

Herein, polydispersed CoP nanoparticles in an orthorhombic phase were synthesized via a 

solid-phase reaction process and were employed to decorate g-C3N4 nanosheets by a simple 

ultrasonic method. The resultant CoP/g-C3N4 (CoP-CN) composites exhibit remarkably 

enhanced photocatalytic, electrocatalytic H2 evolution performance, photoelectrochemical 

activity as well as excellent overall water splitting activity, compared to pristine g-C3N4. The 

mechanism and intrinsic properties for charge transfer were comprehensively studied, 

indicating the formation of an intimate face-to-face contact following a type-Ⅱ heterojunction 

system. The introduction of CoP has several benefits such as improving the visible light 

absorption, reducing the overpotential for hydrogen evolution, lowering charge carrier 

resistance for higher conductivity and shifting photo-reductive potentials to be more negative. 
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For the first time, CoP-based photocatalysts as effective photo, electro and photochemical HER 

catalysts with evident enhancement have been investigated simultaneously.  

 

7.2 Experimental section 

7.2.1 Materials 

Urea (≥99.5%, pellets), cobalt-(II) acetate tetrahydrate, polyvinylpyrrolidone (PVP, K30), 

sodium hypophosphite monohydrate (NaH2PO2.H2O), chloroplatinic acid hexahydrate (≥37.5% 

Pt basis), anhydrous ethanol, and methanol were purchased from Sigma-Aldrich, Australia.  

 

7.2.2 Synthesis of the catalysts  

7.2.2.1 Synthesis of g-C3N4 

Graphitic carbon nitride was prepared by thermal polymerization of urea via heating to 550 °C 

at a rate of 5 °C/min and annealed at 550 °C for 4 h. 

7.2.2.2 Synthesis of Co(OH)2 

Flower-like Co(OH)2 was synthesized by a modified hydrothermal method [20]. Typically, 

0.498 g of Co(CH3COO)2·4H2O, 0.24 g of urea, and 0.5 g of polyvinylpyrrolidone (PVP, K30) 

were first dissolved in methanol before ultrasonication and mixing. Then, 40 mL of the aqueous 

solutions were transferred to a 120 mL Teflon-liner with a stainless steel autoclave and 

subsequently sealed for heating at 200 °C for 6 h in an oven. After centrifugation and washing 

the possible residual of urea and PVP with water and ethanol several times, the resulting 

product was obtained as Co(OH)2. 

7.2.2.3 Synthesis of CoP 

About 50 mg of the obtained Co(OH)2 and 250 mg of NaH2PO2.H2O solid were ground in a 

mortar to form a uniform distribution and put in a quartz boat of the tube furnace. Subsequently 

the samples were maintained at 300 °C for 1h with a heating rate of 2 °C/min in a flowing 30 

mL/min Ar atmosphere. Following cooling to room temperature in continued Ar flow, the 

obtained black solid was washed subsequently by water and ethanol three times and dried to 

produce CoP particles. 

7.2.2.4 Synthesis of CoP-C3N4 composite 

CoP-C3N4 composite was obtained via an impregnation method. In a typical procedure, 0.1g 

as-prepared g-C3N4 was dispersed in 15 mL methanol, then certain amount of the CoP particles 

were added to the mixture followed by ultrasonication for 30 min and vigorous stirring at room 

temperature for 24 h. After evaporation and drying in oven at 80 °C for 24 h to remove the 
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methanol, the sample was further treated at 150 °C for 2 h in air to strengthen the interaction 

between CoP nanocrystals and the g-C3N4 matrix. It was denoted as 0.5% CoP-CN (0.5 

represents weight ratio of CoP to g-C3N4). 

7.2.2.5 Synthesis of Pt-CoP/C3N4 composite 

The 3% Pt-0.5% CoP-CN sample was obtained via photodeposition of 0.5% CoP-C3N4 in 

aqueous H2PtCl6 solution. Specifically, the mixed aqueous solution was irradiated by a 300 W 

Xeon lamp for 1 h to reduce H2PtCl6 (Pt IV) to metallic Pt under air-free conditions. Finally, 

the powder was washed well with deionized (DI) water and ethanol, then dried at 70 °C 

overnight to obtain 3% Pt-0.5% CoP-CN. 

 

7.2.3 Characterization techniques 

X-ray diffraction (XRD) spectra were recorded on a Panalytical Empyrean multipurpose 

research diffractometer utilizing a Cu Kα radiation (λ = 1.5418 Å). Scanning electron 

microscopic (SEM) images were obtained from a FEI Verios XHR SEM microscope. 

Transition electron microscopy (TEM) and high-resolution transmission electron microscopy 

images were collected on a JEOL 2100 TEM microscope. X-ray photoelectron spectroscopy 

(XPS) testing were performed on a Thermo Escalab 250 with an Al Kα X-ray. A Shirley 

background was first subtracted followed by component fitting using Voigt functions with a 

30% Lorentzian component. UV-visible diffuse reflectance spectra (DRS) were collected on 

an Agilent Cary 100 UV-Visible spectrophotometer equipped with an integrated sphere 

attachment. Fourier transform infrared (FTIR) spectra were obtained on a PerkinElmer 

Spectrum 100 spectrometer in the range of 500 - 4000 cm-1. 

 

7.2.4 Evaluation of photocatalytic activity  

The photocatalytic hydrogen evolution and water splitting experiments were conducted in a 

stainless steel vessel sealed with a quartz window with top-irradiation. Details of light source 

and testing conditions including operating procedures could be found in 5.2.3 of Chapter 5. For 

overall water splitting to produce H2 and O2 simultaneously, 50 mg of 3% Pt-0.5% CoP/g-C3N4 

sample was dispensed in 100 mL DI water with pH value around 3 (adjusted by hydrochloric 

acid), followed by fully stirring and evacuation as the same as above. Especially, the reaction 

vessel was degassed several times to remove air completely before the irradiations. The amount 

of H2 and O2 produced were in situ analyzed by a gas chromatography (Agilent 490 Micro GC) 

with a thermal conductivity detector. 
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7.2.5 Photoelectrochemical measurements 

    Linear sweep voltammetry (LSV), electrochemical impedance spectroscopy (EIS) both in 

dark and under light, photocurrent-potential (J-V) curves and Mott-Schottky curve 

measurements were performed on a Zahner Zennium electrochemical workstation in a standard 

three-electrode framework with a 0.05 M Na2SO4 (pH = 6.8) electrolyte solution, adopting a 

Pt plate (1.5 ×1.5 cm2) as the counter electrode and a Ag/AgCl electrode as the reference 

electrode. The film of the photoanode was fabricated on a substrate of fluorine-doped tin oxide 

(FTO) glass, which was ultrasonically cleaned in acetone and ethanol for 20 min in sequence, 

and then dried at 60 C. Details of electrode preparation can be found in 5.2.4 of Chapter 5. To 

be specific, the photocurrent-potential curves were recorded with anodic sweeping (from −1.0 

V to +1.0 V) at a scan rate of 10 mV/s with chopped light illumination every 10 s. The PEC 

responses were also evaluated via current-voltage curves utilizing anodic linear sweep 

voltammetry (LSV) measurement under irradiation of simulated solar light (300 W Xenon arc 

lamp, AM 1.5G filter, light intensity: 100 mW·cm−2) from 0.2 to 1.0 V (vs. Ag/AgCl).  

 

7.3 Results and discussion 

7.3.1 Crystal structure, morphology and composition 

XRD patterns of the as-synthesized g-C3N4, CoP and 0.5% CoP-CN are shown in Figure 

7.1a. Apparently, main peaks of pure CoP could be indexed to the typical orthorhombic phase 

(JCPDS No. 29-0497) [21]. As for pure g-C3N4, two diffraction peaks at 27.3ºand 13.0º 

represent the (002) plane for interplanar stacking of the conjugated bonds and the (100) plane 

for in-planar ordering of tri-s-triazine units [22], respectively. The XRD pattern of the 0.5% 

CoP-CN hybrid sample proves the existence of both g-C3N4 ((100) and (002)) and CoP ((111), 

(211), and (020)) phases. The low intensity of characteristic peaks from CoP phases could be 

ascribed to its extremely low content in the composite. 

XPS analysis was performed to study the valence state and surface elemental composition 

of the 0.5% CoP-CN sample (Figure 7.1b-f). Figure 7.1b presents a XPS survey spectrum, 

confirming the existence of C, N, and O elements with low contents of Co and P showing poor 

XPS signals. The presence of O element could originate from the prolonged calcination of g-

C3N4 in air together with the water molecules adsorbed on its surface [23]. The high-resolution 

spectra of deconvoluted peaks for C1s in Figure 7.1c and N 1s in Figure 7.1e conform well 

with previous reports, indicating the typical species from g-C3N4 [24, 25]. Looking into Figure 

7.1d and 7.1f, the Co 2p3/2 region in Figure 7.1d can be deconvoluted into three peaks at 778.92, 



- 171 - 

 

781.28 and 784.57 eV, corresponding to Co 2p3/2, oxidized Co2+ (Co-O species) and a satellite 

peak, respectively [16]. Meanwhile, three typical peaks at 129.49, 131.01 and 134.93 eV were 

observed from the P 2p region in Figure 7.1f, which can be assigned to P 2p3/2, P 2p1/2 and 

oxidized P-O species, respectively. It was also found that the binding energy of P 2p3/2 (129.49 

eV) in CoP-CN shifted negatively in comparison to the metallic binding energies of P 2p3/2 

(130.2 eV), while Co 2p3/2 (778.92 eV) shifted positively relative to the metallic binding 

energies of Co 2p3/2 (778.1 eV). That implied that the transfer of electron from Co to P, and 

that the electron transfer from Co to P to form Co-P bonds with covalent attributes, consistent 

with previous reports and explaining the mechanism that CoP-based catalysts possess excellent 

HER activity [16, 26]. Due to the small positive charge of Co, it can act as a catalytic active 

center, while the small negative charge of P could make it as the proton-acceptor to coordinate 

the promotion of HER process. The XPS survey spectrum with chemical composition as well 

as the spectra of Co 2p and P 2p for pure CoP are also illustrated in Figure 7.2. Compared to 

CoP in Figure 7.2b and 7.2c, both of the Co 2p and P 2p peaks for 0.5% CoP-CN shift slightly 

to a higher binding energy, implying the change of surrounding chemical environment of Co 

and P atoms after hybridization with g-C3N4 due to the change of bonding.  

 

SEM images of Co(OH)2, CoP and 0.5% CoP-CN were presented in Figure 7.3. As shown 

in Figure 7.3a and Figure 7.3b, Co(OH)2 particles exhibit a well-defined flower-like 

microstructure composed of thin nanosheets stacked together. The formation of this unique 

morphology was attributed to the assistance of one of the precursors as PVP, which facilitates 

the assembling of hydroxides into rods, then further re-arranges them into flakes and stacked 

together to form this floriform mesoporous microstructure. Figure 7.3c shows that CoP 

nanoparticles are polydispersed and agglomerated together. After hybridized with g-C3N4, CoP 

nanoparticles have been evenly dispersed and incorporated into matrix of g-C3N4 nanosheets 

exhibiting a more fluffy and porous structure, which can be observed in Figure 7.3d. 
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Figure 7.1. (a) XRD patterns of pure CoP, g-C3N4 and 0.5% CoP-CN samples; (b) XPS survey of 0.5% 

CoP-CN; XPS spectra of (c) C 1s (d) Co 2p (e) N 1s and (f) P 2p for 0.5% CoP-CN sample. 

 

Figure 7.2. (a) XPS survey of pure CoP; XPS spectra of (b) Co 2p and (c) P 2p for CoP sample. 
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Figure 7.3. SEM images of as-synthesized (a-b) Co(OH)2; (c) CoP and (d) 0.5% CoP-CN. 

 

 

 TEM and HRTEM images of CoP and 0.5% CoP-CN are clearly displayed in Figure 7.4. 

Figure 7.4a shows the nanorod-like CoP structure with a length of 10-80 nm. The HRTEM 

image in Figure 7.4b reveals two clear lattice fringe of (011) and (211) crystalline phase, 

corresponding to the lattice spacing of 0.28 and 0.19 nm, respectively. After being deposited 

on g-C3N4 support, it also shows a similar nanorod-like structure entrapped in g-C3N4 

nanosheet with thin layers. As illustrated in Figure 7.4c and 7.4d, the introduction of g-C3N4 

enhanced the dispersity of CoP nanoparticles, forming intimate junctions at the interface. 

Specifically, the CoP nanostructure with good crystallinity was closely connected to g-C3N4 

nanosheets via their (011) crystal planes (lattice spacing of 0.28 nm). This intimate contact 

between g-C3N4 and CoP would contribute to the more efficient charge transfer and separation 

via shorter transport paths to the surface, which is beneficial for the enhancement of 

photocatalytic hydrogen evolution activity. This observation is in accordance with the XRD 

and SEM results.  
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Figure 7.4. (a) TEM and (b) HRTEM images of CoP; (c) TEM image (inset is magnified image) of 0.5% 

CoP-CN and (d) HRTEM image of 0.5% CoP-CN. 

 

 

   

       Figure 7.5. FI-IR spectra of the as-synthesized samples. 
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Figure 7.5 shows FT-IR spectra of pure g-C3N4 and 0.5% CoP-CN composite sample. The 

deposition of CoP did not affect the core chemical skeleton of g-C3N4 with no noteworthy 

changes observed. Most of the absorption bands within the range of 1100-1700 cm-1 are 

attributed to the characteristic stretching modes of heterocyclic compounds of g-C3N4 [27]. In 

addition, the sharp absorption band at 806 cm-1 corresponds to the vibration mode of the tri-s-

triazine (C6N7) rings as basic tectonic units of g-C3N4.  

 

 7.3.2 Optical properties 

Figure 7.6 demonstrates the ultraviolet-visible diffuse reflectance spectra (DRS) of g-C3N4, 

CoP and 0.5% CoP-CN composite samples. As it is seen from Figure 7.6a, no significant 

change of absorption edges could be observed for 0.5% CoP-CN, relative to pure g-C3N4. The 

loading of CoP is found to contribute to a slightly increased light absorption within the visible 

light range, which makes it possible to be an efficient visible-light photocatalyst.  For pure 

CoP, it manifests good light absorption over the whole range of UV-visible wavelength. Their 

Tauc plots based on equation   [6, 28] are displayed in Figure 7.4b 

and 7.4c accordingly with transform details discussed in Chapter 5 and Chapter 6 (For g-C3N4 

and 0.5% CoP-CN, transition type of n is 1/2 as indirect transition semiconductors, while for 

CoP, n is 2 as a direct gap semiconductor). All the band-gap energies are summarized in Table 

7.1. The slight band-gap shift of the composite proves that CoP was successfully deposited onto 

the surface of g-C3N4 to form effective heterojunctions.  

 

 

Table 7.1. Band-gap energies of g-C3N4 and MSNS-CN composites. 

Sample Band-gap (eV) 

g-C3N4 2.79 

0.5% CoP-CN 2.82 

CoP 2.15 

 
     

)()( g
n Ehkh −= 
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Figure 7.6. (a) UV-vis DRS spectra; (b) the plots of (αhv) 1/2 versus photon energy (hv) for 0.5% CoP-CN 

and CN; (c) UV-vis DRS spectrum and (d) the plots of (αhv) 2 versus photon energy (hv) for CoP. 

7.3.3 Photocatalytic HER and water splitting activity 

Figure 7.7. (a) Photocatalytic H2 evolution of g-C3N4 loaded with different co-catalysts under simulated 

solar light irradiations (25 vol% methanol, 2.0 wt% Pt, 0.05 g catalyst in 120 mL aqueous solution, pH=6.8) 

and (b) Comparison of photocatalytic H2 evolution over g-C3N4 and 0.5% CoP-CN under visible light 

irradiations (25 vol% methanol, 3.0 wt% Pt, 0.05 g catalyst in 120 mL aqueous solution, pH=3) 
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Figure 7.8. Photocatalytic overall water splitting over 3% Pt-0.5% CoP/g-C3N4 under simulated solar light 

irradiations for 4 h (0.05 g catalyst in 100 mL aqueous solution, pH=3).  

 

The photocatalytic H2 evolution performance of 0.5% CoP-CN and other various catalysts 

under simulated solar light were evaluated (Figure 7.7a). The as-synthesized 0.5% CoP-CN 

has outperformed all the optimal photocatalysts from our previous chapters [24]. Although CoP 

alone is not showing any photocatalytic activity for hydrogen evolution, it has been proven to 

be an excellent co-catalyst for g-C3N4. The hydrogen evolution rate of 0.5% CoP-CN reached 

959.4 μmol·h-1·g-1 during 4 h of irradiation, which is approximately 3.1 times as high as that 

of pristine g-C3N4. Improving the content of CoP to 3% would lead to an even higher hydrogen 

output rate at 1038.1 μmol·h-1·g-1, however, a further loading content of CoP will encounter a 

drastic decrease in photocatalytic hydrogen performance. 

To verify if 0.5% CoP-CN displays an excellent photocatalytic activity for hydrogen 

evolution under visible light excitation, a light cut-off filter (λ＞420 nm) was adopted to further 

study its performance under the similar condition. The comparative results in Figure 7.7b show 

that the introduction of CoP nanoparticles led to a drastic enhancement of photocatalytic H2 

evolution rate of g-C3N4 from 3.75 to 59.1 μmol·h-1·g-1, indicating the significantly enhanced 

photocatalytic activity due to higher absorption capacity of visible light and more efficient 

charge separation as well as faster transfer to the surface. 

Therefore, 0.5% CoP-CN was proven to possess a superior photocatalytic hydrogen 

evolution performance and was employed further to investigate its overall water splitting 

activity without addition of a sacrificial agent. After further deposited with Pt nanoparticles, 

this 3%Pt-0.5% CoP-CN photocatalyst with dual co-catalysts exhibited distinct activity for 
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overall water splitting into O2 and H2 simultaneously, as shown in Figure 7.8. The evolution 

rates of H2 and O2 were estimated to be 14.7 and 7.6 μmol·h-1·g-1, which is in a molar ratio of 

1.93:1, much close to the theoretical value of H2/O2 evolution for water splitting 

stoichiometrically. After 4 h of full-arc irradiation as simulated solar light, the produced 

amount for H2 and O2 achieved 2.57 and 1.33 μmol, respectively. We also tested with pure g-

C3N4 and 0.5% CoP-CN, but both of them showed extremely poor photoactivity for this overall 

water splitting process without noticeable yields observed for H2 and O2. Thus, the dual co-

catalyst system is beneficial and determining in the enhancement of photocatalytic activity for 

overall water splitting due to the cooperative and synergistic effect between the two co-

catalysts, which serve as active sites to promote H2 and O2 evolutions simultaneously. To be 

more specific, Pt could serve as electron collectors as reduction sites to reduce overpotentials 

for H2 evolution, while the deposition of CoP could serve as active sites by reducing 

overpotentials for O2 evolution and promote the reaction rate as well as charge separation [18, 

29]. 

 

 7.3.4 Photocatalytic mechanism 

      To further probe if the introduction of CoP nanoparticles can reduce the overpotential for 

hydrogen production as well as improve the charge transfer and separation efficiency across 

the interface, electrochemical impedance spectroscopy (EIS) testing under both dark and 

irradiation conditions, polarization curves, photoelectrochemical response and Mott-Schottky 

(M-S) analysis were conducted.  

For the band structure of the different catalysts, Mott-Schottky (M-S) plots and valence band 

(VB) XPS spectra were measured to obtain the flat band potentials and the maximum valence 

band potentials, respectively. The M-S plots of film electrodes made by various samples can 

be found in Figure 7.9 (a-c), which display the flat band potentials of g-C3N4, CoP and 0.5% 

CoP-CN at approximately -0.2 V, 0.35 V and -0.28 V vs. Ag/AgCl in the dark, respectively, 

obtained from the x intercepts by extrapolating the linear regions to the horizontal axis[24, 30, 

31]. All of them present typical n-type semiconductor attributes with a positive slope, 

indicating that their minimum conduction band potentials should be very close to their flat band 

potentials. Looking into Figure 7.9a and 7.9c, the conduction band potential of 0.5% CoP-CN 

shifted upward to be more negative and reductive, which might facilitate the establishment of 

certain electric filed to foster more efficient transfer and separation of charge carriers at the 
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interface. Apparently, 0.5% CoP-CN boasts at a more negative potential for stronger water 

reduction capability thermodynamically. 

The Fermi levels (Ef) can be inferred from the flat band potentials considering the difference 

from the water reduction potentials[32-34]. From VB XPS spectra (Figure 7.10), the maximum 

valence band energies were estimated to be 2.08 and 1.72 eV relative to the Fermi level. 

Combining above analysis from VB XPS and M-S plots with the results from DRS for band 

energy values as listed in Table 7.1, it is possible to calculate the approximate band energy 

levels for each semiconductor. In detail, the maximum VB energy levels of CN and CoP were 

estimated to be 1.68 and 1.75 eV, respectively. Accordingly, the minimum CB energy levels 

were calculated to be -1.11 and -0.40 eV. Based on above discussions, the detailed electronic 

band positions of various catalysts are illustrated in Figure 7.11d.  

A series of photoelectrochemical measurements were performed to investigate the inherent 

properties for photoelectrochemical response as well as transfer mechanism of charge carriers. 

As one of the most convincing techniques, EIS analysis was conducted on the photoanodes 

both in the dark and under the full light irradiation conditions. In comparison with their arc 

radius in the dark, all the three samples exhibit distinctly diminished semicircles under light 

irradiations, especially for g-C3N4 and 0.5% CoP-CN. This observation indicates that the 

charge transfer resistance was largely reduced due to significant enhancement of charge carrier 

flow excited by photons. Focusing on the three catalysts, it is no doubt that g-C3N4 exhibits the 

largest interfacial charge transfer resistance owing to its low electrical conductivity. The 

introduction of CoP nanoparticles with a higher conductivity has been proved to boost a much 

more efficient charge transport across the interface of electrode and electrolyte, producing a 

much smaller arc radius than that of pure g-C3N4 and CoP. The rational construction of the 

CoP/CN heterostructure has effectively facilitated the conductivity with reduced charge carrier 

resistance. 

The electrochemical HER performance of the samples was also evaluated utilizing 

polarization curves. As displayed in Figure 7.11a, both of the electrodes made from g-C3N4 and 

0.5% CoP-CN present distinct cathodic currents covering the range of -0.2 ~ -1.0 V (versus 

Ag/AgCl) with continuous hydrogen bubbles released around the working electrode. Obviously, 

pure g-C3N4 shows a relatively poor electrocatalytic performance towards HER, with a onset 

potential as high as -0.61 V vs. Ag/AgCl plus a relatively weak cathodic current, while 0.5% 

CoP-CN composite catalyst manifests a drastically enhanced HER activity with much lower 

onset potential at -0.31 V vs. Ag/AgCl and also a higher current density. At an applied potential 

of -0.4 V vs. Ag/AgCl, apparent current of 0.06 mA·cm-2 with respect to H2 evolution was 
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detected. Thus, the deposition of CoP can lower the activation barriers for hydrogen evolution, 

reducing the overpotentials and accelerating the H2 evolution kinetics.  

The photocurrent-potential response curves under chopped light illumination were acquired 

(Figure 7.11b). As expected, the binary photocatalyst of 0.5% CoP-CN exhibits a much higher 

photocurrent response than pure g-C3N4 throughout the polarization potential range of -1.0 - 0 

V vs. Ag/AgCl. With the increasing positive polarization potential from 0-1.0 V vs. Ag/AgCl, 

the photocurrent response of g-C3N4 sample becomes larger and gets close to that of 0.5% CoP-

CN. Apart from the photocurrent response, it is worth noting that the onset current potential 

for g-C3N4 electrode has been shifted more negatively from 0 V vs. Ag/AgCl to -0.2 vs. 

Ag/AgCl after coupling with CoP, which is consistent with previous observations and results. 

The modification of g-C3N4 film with CoP could boost the photooxidation or photoreduction 

ability of the catalyst, leading to much higher photocatalytic or photoeletrochemical activity. 

The enhanced photocurrent indicates that the introduction of CoP  might contribute to higher 

efficiency for generation and migration of interfacial charge carriers[12]. Additionally, the 

current-potential curves of various samples before and after light irradiations were obtained 

and are shown in Figure 7.11c. Significant anodic currents could be observed for both g-C3N4 

and 3% CoP-CN after light was switched on at the applied bias of +0.2 V vs. Ag/AgCl, 

implying that the photo-excited electrons were injected from the working electrode film to the 

FTO glass, and then further transferred to the counter electrode for hydrogen evolution via the 

external circuit. The prompt increase of the anodic current indicates the quick release of 

hydrogen from the Pt electrode, thus the photogenerated electrons will be quickly separated 

from the holes to avoid recombination. In the photoelectrochemical (PEC) test, usually a n-

type semiconductor material will be adopted as the photoanode to form a positive anodic 

photocurrent[35], which further confirms the M-S results from Figure 7.9 to prove that 0.5% 

CoP-CN is a n-type semiconductor. As for pure g-C3N4, no detectable increase for the 

photocurrent density could be observed after the light is on. Based on Figure 7.11c, the 

maximum ηABPE (applied bias photon-to-current efficiency) could be calculated according to 

the following equation [36]: 

ABPE =
𝐽𝑝ℎ ∗ (1.23 − |𝑉|)

𝑃
∗ 100%                         (7.1) 
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Where P is the incident light intensity (mW.cm-2), Jph is the measured photocurrent density 

(mA·cm-2) at the applied bias potential V (vs. Ag/AgCl), while 1.23 V is the minimum potential 

required for water splitting thermodynamically. Hence, the maximum ηABPE of g-C3N4 and 3% 

CoP-CN were estimated to be 0.039% and 0.051%, respectively. The enhanced ABPE and 

photoelectrochemical response denote a promoted separation and transfer efficiency of photo-

induced electrons and holes, owing to the construction of CoP-CN heterostructure. This result 

was further confirmed by transient photocurrent-time response and photocurrent-voltage 

characteristics as depicted in Figure 7.12. Under intermittent light illumination of 20 s in Figure 

7.12a, 3% CoP-CN film achieves stable photocurrent of 150 μA·cm-2, much higher than that 

of pure g-C3N4. As observed in Figure 7.12b, under the same bias potential at + 0.55 V (vs. 

Ag/AgCl), the film of 3% CoP-CN also presents a much higher anodic photocurrent density of 

120 μA·cm-2 relative to g-C3N4, which only reaches 1.48 μA·cm-2 with more stable 

photocurrent response. Similar trends can be found in Figure 7.12b for the negative shift of 

onset photocurrent potential with 3% CoP-CN.  

Figure 7.9. Mott–Schottky plots collected on (a) g-C3N4; (b) CoP; (c) 0.5% CoP-CN; (d) Electrochemical 

impedance spectroscopy (EIS) Nyquist plots of different electrodes both in the dark and under light 

irradiations. 
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                     Figure 7.10. VB XPS spectra of (a) g-C3N4 and (b) CoP.  

 

   

Figure 7.11. (a) Polarization curves of g-C3N4 and 0.5% CoP-CN; (b) The chopped illuminated 

photocurrent-potential (I-V) curves of g-C3N4 and 0.5% CoP-CN; (c) Current-voltage curves of g-C3N4 

and 3% CoP-CN both in dark and under light; (d) Band structure diagram of 0.5% CoP-CN. 
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Given the explorations above, the superior performance of 0.5% CoP-CN in photocatalytic 

H2-evolution as well as overall water splitting can be attributed to the reduced overpotentials 

for H2 evolution and accelerated separation and transfer of charge carriers. The introduction of 

CoP serves as an electron collector and also active sites to reduce overpotentials for hydrogen 

evolution. Additionally, it will also affect the light absorption ability and photoreduction 

potentials of the g-C3N4 film. Based on above discussions, the energy band positions and 

proposed charge transfer scheme are illustrated in Figure 7.11d, which is in agreement with the 

type-Ⅱ heterojunction system [37]. Under sunlight irradiations, the electrons excited into the 

CB of g-C3N4 will be injected to the lower CB of CoP to produce an electron center, while 

most of the holes will move in the opposite direction form VB of CoP to that of g-C3N4 to form 

a hole center. As the electron collector, CoP will further transfer some of the electrons to Pt 

nanoparticles on the surface for quick hydrogen release. The collected holes on VB of g-C3N4 

will be responsible for the oxidation of methanol, by which the photo-generated electrons and 

holes will get separated and hindered for possible recombination. Under visible light 

irradiations, the CoP with a narrower band gap could also get photo-exited and make utilization 

of the long-wavelength region. Overall, the deposition of CoP nanoparticles on surface of g-C3N4 

can contribute to the significantly enhanced photocatalytic hydrogen evolution activity by 

constructing an intimate interfacial contact for reduced overpotentials, lowered charge carrier 

resistance and stronger photo-reductive capability. 

Figure 7.12. (a) Transient photocurrent-time curves of g-C3N4 and 3% CoP-CN; (b) The 

chopped illuminated photocurrent-potential (I-V) curves of g-C3N4 and 3% CoP-CN. 



- 184 - 

 

  Regarding the mechanism for distinct overall water splitting activity, we assume that Pt can act 

as H2 evolution sites while CoP may act as O2 evolution sites with reduced overpotentials for 

hydrogen and oxygen evolutions simultaneously. This verification of dual co-catalysts function still 

needs further evidences except for the current discussion. For example, electrochemical OER as 

well as photocatalytic OER measurements for CoP-CN should also be conducted in future study. 

 

7.4 Conclusions 

   To summarize, polydispersed orthorhombic phase CoP particles were prepared via a gas-

solid reaction and further employed to be deposited on the surface of g-C3N4 nanosheets to 

form CoP/g-C3N4 heterostructure. The as-prepared intimate junctions of 0.5% CoP-CN boosted 

a drastically enhanced photocatalytic, electrocatalytic and photoelectrochemical HER 

performance. The photocatalytic hydrogen evolution rate reached 959.4 μmol·h-1·g-1 under 

simulated sunlight irradiations, almost 3.1 times as high as that of pristine g-C3N4. The 

photocatalytic H2 evolution activity under visible light was elevated to almost 15.8 times that 

of pure g-C3N4. The onset potential for electrochemical HER process was lowered from -0.61 

V vs. Ag/AgCl for pristine g-C3N4 to -0.31 V vs. Ag/AgCl. A larger photocurrent density with 

higher response was reflected with 0.5% CoP-CN for the photoelectrochemical (PEC) HER 

testing. Finally, it also showed excellent overall water splitting activity without any sacrificial 

agent. The simultaneous evolution rates of H2 and O2 were estimated to be 14.7 and 7.6 μmol·h-

1·g-1. The enhancements for photocatalytic, electrocatalytic and PEC HER activities can be 

ascribed to the deposition of CoP nanoparticles by constructing an intimate interfacial contact for 

reduced overpotentials, lowered charge carrier resistance and stronger photo-reductive capability, 

promoting much more efficient separation and transfer of charge carriers. This finding provides 

novel perspective for designing and constructing highly efficient cobalt phosphide-based 

heterojunctions as photocatalytic, electrocatalytic and PEC HER catalysts. 
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Chapter 8. Conclusions and Perspectives  

8.1 Conclusions  

Two typical types of visible-light-responsive photocatalysts, bismuth-based and g-C3N4-based 

heterojunction composites, were chosen for systematic studies towards the applications in both 

artificial photosynthesis and environmental remediation. Heterogeneous coupling has been 

proven to be a promising and practical way to improve the photocatalytic activity by inhibiting 

the recombination rate of photo-generated charge carriers as well as lowering the over-potential 

for photoreduction or photooxidation reactions. A rational design of novel p-n heterojunction 

nanomaterials with a core-shell structure provides a new perspective in practical application 

related to photocatalysis and solar energy conversion. Bismuth-based hybrids such as 

BiOI/BiOCl have shown superb photocatalytic activity for the degradation of various industrial 

dyes under natural sunlight irradiations, demonstrating a high significance in the remediation 

of industrial wastewater. Metal sulfides (phosphides)/g-C3N4 composite heterostructures with 

metal sulfides (phosphides) as co-catalysts have demonstrated enhanced photocatalytic and 

electrocatalytic hydrogen evolution peformances. MoS2 or CoP can serve as an electron 

acceptor and also the active sites over g-C3N4, leading to the formation of an intimate contact 

interface with a decreased onset potential, a lower charge-transfer resistance and a higher reductive 

potential with a more negative conduction band position. Several fabrication techniques and 

modification strategies have been elaborated to study the morphology and facets control as well 

as the construction of heterojunction composites. Charge transfer mechanism for most of the 

constructed heterostructure composites follows a type-Ⅱor Z-scheme heterojunction principle 

for a drastically facilitated separation and migration of electron-hole pairs to enhance the 

photocatalytic efficiency. These research findings provide novel perspectives for designing and 

constructing highly efficient metal sulfides (phosphides)/g-C3N4 composite heterojunctions as 

photocatalytic, electrocatalytic and photoelectrochemical HER catalysts with broad application in 

energy conversion and environmental purification. 

 

8.1.1 Preparation of p-n Heterojunction of BiFeO3@TiO2 with a Core-Shell Structure for 

Visible Light Photocatalytic Degradation  

 

❖ A citrate self-combustion approach combined with a hydrolysis precipitation 
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processing was developed to synthesize nanocomposite photocatalyst BiFeO3@TiO2 

with a core-shell structure.  

❖ The BiFeO3@TiO2 heterojunction (at a mass ratio of 1:1) with a shell thickness of 50-

100 nm exhibited much higher photocatalytic oxidation of different dyes (MV, MO and 

CO) under visible light irradiations than pure BiFeO3, TiO2 and BiFeO3@TiO2 

composites with other ratios, attributing to the efficient inhibition of charge 

recombination, strong light absorption as well as its core-shell structure geometry.  

❖ The photoelectrochemical results confirm the formation of p-n heterojunction interface 

between p-BiFeO3 and n-TiO2, which enhances the charge carrier transportation and 

donor density, leading to the enhancement of the quantum efficiency.  

❖ MV degradation is mainly attributed to hydroxyl radicals and photo-generated electrons 

based on energy band theory and the building of an internal electrostatic field. In 

addition, its unique core-shell structure also favors the charge transfer at the 

BiFeO3/TiO2 interface via increasing the contact area between BiFeO3 and TiO2. 

 

8.1.2 Three-Dimensional BiOI/BiOX (X = Cl or Br) Nanohybrids for Enhanced Visible-

Light Photocatalytic Activity 

 

 

❖ Flower-like 3D BiOI/BiOX (X = Br or Cl) hybrids were successfully fabricated via a 

facile one-pot solvothermal approach. The BiOI/BiOCl hybrids present a morphology 

of fluffy and porous 3D microspheres with large specific surface areas and high light 

absorption abilities.  

❖ Under visible light irradiations, both the composites exhibited significant enhancements 

of the photocatalytic oxidation performance compared to pure BiOI. The apparent 

reaction rate for MO degradation on BiOI/BiOCl is 2.1 times higher, and 1.6 times 

higher than that of pure BiOI, respectively. Moreover, BiOI/BiOCl demonstrated a 

slight promotion under UV light irradiations, which is 1.3 times higher than pure BiOI. 

Moreover, BiOI/BiOCl composite also displayed an excellent water oxidation ability 

with enhanced O2 evolution from the water, which was 1.5 times higher than that of 

BiOI.  
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❖ The enhancement of photocatalytic activity can be attributed to the formation of a 

heterojunction between BiOI and BiOCl, which facilitates the separation and 

transportation of charge carriers more efficiently with a rationally-engineered energy 

band structure. In addition, the nanoporous structure, larger specific surface area, and 

the stronger light absorption capacity both in the visible and UV region also contributed 

to the excellent photocatalytic activity of the BiOI/BiOCl composites.  

❖ The photodegradation was evidenced to be ascribed to the superoxide radicals, 

oxidative holes, and a minor amount of hydroxyl radicals. This study deepens the 

understanding of BiOI/BiOCl composites for enhanced photodegradation and water 

oxidation.  

 

8.1.3 0D (MoS2)/2D (g-C3N4) Heterojunctions in Z-Scheme for Enhanced Photocatalytic 

and Electrochemical Hydrogen Evolution  

 

❖ Uniform water-soluble and highly dispersed MoS2 quantum dots with sizes of 2-5 nm 

were prepared via a facile one-pot hydrothermal process and were employed to modify 

g-C3N4 nanosheets for MoS2 QDs/g-C3N4 (MSQD-CN) photocatalysts with high 

photocatalytic and electrochemical H2 evolution activities.  

❖ The hydrogen-evolution rate over 0.2 wt% MSQD-CN increased by 1.3 and 8.1 times 

as high as that of 0.2 wt% Pt-CN and g-C3N4, respectively. With deposition of 2 wt% 

Pt as a cocatalyst, 5 wt% MSQD-CN exhibited the highest photocatalytic efficiency 

with an average hydrogen evolution reaction (HER) rate of 577 μmol·h-1·g-1, which is 

also superior to the as-synthesized 5 wt% MSNS-CN analogue. 

❖ The introduction of MoS2 QDs results in a red shift and stronger light absorption 

capability in comparison with pure g-C3N4. Owing to quantum confinement effect, 

MoS2 QDs facilitate a faster electron transfer and efficiently prevent the charge 

recombination via lowering over-potential barriers and charge-transfer resistance.  

❖ The well-matched band potentials of the MSQD-CN hybrid with an intimate contact 

interface of p-n heterojunction also inhibited the recombination of photo-generated 

carriers, leading to the enhanced photocatalytic HER performance. A direct Z-scheme 

charge transfer mechanism of the MSQD-CN hybrid was proposed to further elaborate 

the synergic effect between MSQDs, Pt and g-C3N4. 
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8.1.4 Flower-Like MoS2 on Graphitic Carbon Nitride for Enhanced Photocatalytic and 

Electrochemical Hydrogen Evolutions 

❖ 3D flower-like hexagonal 2H-MoS2 composed of nanosheets with thin-layers were 

prepared using a facile hydrothermal approach, and then further employed to modify g-

C3N4 nanosheets with a similar layered structure to achieve MoS2/g-C3N4 hybrid 

photocatalysts via a simple ultrasonic process.  

❖ The as-formed intimate junctions contribute to highly enhanced photocatalytic and 

electrocatalytic H2 evolution activities. The highest photocatalytic efficiency was 

observed on 0.5% MSNS-CN with a hydrogen evolution reaction rate of 867.6 μmol·h-

1·g-1 under simulated sunlight irradiations. Compared to pure g-C3N4, the photocatalytic 

H2 evolution activity was elevated to about 2.8 times higher at sunlight irradiations and 

about 5 times higher for visible light irradiations.  

❖ This 3D/2D hybrid also presents better photocatalytic performance than its 0D/2D and 

2D/2D analogues, which is discussed in Chapter 2. The introduction of MoS2 

nanoflowers leads to a broader absorption range and a strengthened photo-absorption 

capability compared to pure g-C3N4. As an electron acceptor and also the active sites 

over g-C3N4, the unique flower-like nanostructure of MoS2 boosted a much higher and 

stable photocatalytic H2 evolution activity with exposure of more active edge planes 

and shortened diffusion channels for charge transfer and separation.  

❖ The proposed mechanism for the activity enhancement lies in the effective interfacial 

contact formed in the 3D (MoS2)/2D (g-C3N4) heterojunctions with a decreased onset 

potential, a lower charge-transfer resistance and a higher reductive potential with a more 

negative conduction band position. 

❖ In addition, the lowered overpotential and smaller Tafel slope of 0.5% MSNS-CN also 

promise the enhanced electrocatalytic H2 evolution performance with a decreased activation 

barrier and facilitated kinetics.  

 

8.1.5 Graphitic Carbon Nitride Decorated with CoP Nanocrystals for Enhanced Photo, 

Electro and Photoelectrochemical H2 Evolution  

 

❖ Polydispersed CoP nanoparticles in an orthorhombic phase were synthesized via a gas-

solid reaction and further deposited on g-C3N4 to form CoP/g-C3N4 heterostructure. 
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Nanorod-like CoP nanoparticles with a length of 10-80 nm were connected to g-C3N4 

nanosheets via their (011) crystal planes to form an intimate face-to-face contact.  

❖ This unique heterojunction exhibits superior photocatalytic, electrocatalytic H2 

evolution performance, photoelectrochemical response as well as excellent overall 

water splitting activity. 

❖ The photocatalytic hydrogen evolution rate of 0.5% CoP-CN reached 959.4 μmol·h-1·g-

1 under simulated sunlight irradiations, almost 3.1 times as high as that of pristine g-

C3N4. Its photocatalytic H2 evolution activity under visible light was elevated to almost 

15.8 times that of pure g-C3N4. The onset potential for electrochemical HER process 

was lowered from -0.61 V vs. Ag/AgCl for pristine g-C3N4 to -0.31 V vs. Ag/AgCl. 

The 0.5% CoP-CN presented a larger photocurrent density with higher response and 

more negative onset photocurrent potential in the photoelectrochemical (PEC) testing. 

It also showed excellent overall water splitting activity without any sacrificial agent. 

The simultaneous evolution rates of H2 and O2 were estimated to be 14.7 and 7.6 

μmol·h-1·g-1.  

❖ The enhancement for photocatalytic, electrocatalytic and PEC HER activity can be 

ascribed to the deposition of CoP nanoparticles by constructing an intimate interfacial 

contact for reduced overpotentials, lowered charge carrier resistance and stronger photo-

reductive capability, promoting much more efficient separation and transfer of charge 

carriers.  

❖ For the first time, CoP-based photocatalysts as effective photo, electro and 

photochemical HER catalysts with evident enhancement have been investigated 

comprehensively.  

 

8.2 Perspectives and suggestions for future research 

As shown above, substantial research outcomes have been achieved during this study. However, 

there is a long way to go to attain practial application of these experimental findings to solve 

critical issues concerning environmental remediation and energy crisis. Due to time limitations 

and equipment deficiency, further exploring on mechanism concerning overall water splitting 

and PEC-H2 evolution need to be conducted later on. Looking into the furture, more efforts 

should be devoted to the following aspects: 
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 Employing scalable exfoliation techniques for single or few-layered g-C3N4 for potential 

industrial applications;  

 Developing green and simple synthesis techniques without any secondary hazards. 

 Combining therotical calculation with innovative approach for the design of site-selective 

loading of cocatalysts and crystal facet tailoring of photocatalysts;  

 Reinforcing the heterostructure between cocatalyst and the photocatalyst to achieve a high 

stability, especilly for metal sulfides;  

 Developing new strategies for exploiting efficient visible light absorption to longer 

wavelength ( above 500 nm) to minic the natural photosynthesis process; 

 The evaluation system for photocatalytic pollutants degradation should include various 

types of pollutants other than dyes in aqueous phases;  

 Advanced in-situ characterization techniques such as infrared spectroscopy and GC-MS 

using H2
18O as reagent should be taken into consideration; 

 The mechanism for overall water splitting activity over 3% Pt-0.5% CoP-CN as well as the 

verification of this dual co-catalysts function should be studied systematically. 

 

In summary, g-C3N4-based and bismuth-based photocatalysts will definitely keep booming as 

a research hotspot with challenges and opportunities in the following years, with a few 

challenges and difficulties to be conquered on the way to scalable applications. 
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