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Abstract 

Photocatalysis is a process to convert light energy into chemical energies. This advanced 

process has been extensively applied in different areas, such as water splitting to evolve 

hydrogen, organic/ inorganic pollutants decomposition, artificial photosynthesis (CO2 

reduction), disinfection, heavy metal recovery, organic synthesis and nitrogen fixation 

(reduction). The difficulty for photocatalysis applied in practical is primarily due to the low 

quantum yield as for the high recombination of photogenerated charge carriers. Various 

strategies have been implemented to overcome these challenges. As recently developed 

advanced materials, two dimensional materials have attracted lots of attentions as for their 

superiorities such as large specific surface area and high conductivity. These advantages 

for two dimensional materials make them be promising cocatalysts in enhance catalytic 

activity. In this thesis, various two dimensional materials (such as MoS2, SnS, BN as well 

as C3N4) other than graphene were prepared and investigated in the promotion of 

photocatalytic activity. Specifically, the focus of present work is on two dimensional 

materials enhanced photocatalysis in environmental remediation, including organic 

pollutants detoxification as well as bacteria inactivation. It was found that two dimensional 

materials, including MoS2, SnS, BN, may be excellent candidates as cocatalysts to 

enhanced visible-light-driven photocatalytic activity. And g-C3N4 as an effective 

photocatalyst exhibited excellent photocatalytic oxidation activity, and its activity can be 

further enhanced with surface modification by hydroxyl functional groups (a modification 

method reported in the thesis). Suggestions for future work were also proposed in this thesis. 
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Resúmé 

La photocatalyse est un processus de conversion de l'énergie lumineuse en énergies 

chimiques. Ce processus avancé a été largement appliqué dans différents domaines, tels 

que le fractionnement de l’eau afin d’en dégager de l’hydrogène, la décomposition des 

polluants organiques / inorganiques, la photosynthèse artificielle (réduction du CO2), la 

désinfection, la récupération des métaux lourds, la synthèse organique et la fixation de 

l’azote (réduction). La difficulté de la photocatalyse appliquée dans la pratique est 

principalement due au faible rendement quantique quant à la forte recombinaison des 

porteurs de charge photogénérés. Diverses stratégies ont été mises en œuvre pour 

surmonter ces défis. Comme matériaux avancés récemment développés, les matériaux 

bidimensionnels ont attiré beaucoup d'attention quant à leurs supériorités telles qu'une 

grande surface spécifique et une conductivité élevée. Ces avantages pour les matériaux 

bidimensionnels en font des cocatalyseurs prometteurs pour améliorer l'activité catalytique. 

Dans cette thèse, divers matériaux à deux dimensions (tels que MoS2, SnS, BN ainsi que 

C3N4) autres que le graphène ont été préparés et étudiés pour la promotion de l'activité 

photocatalytique. Le présent travail se concentre particulièrement sur la photocatalyse 

améliorée à base de matériaux à deux dimensions pour la dépollution de l’environnement, 

y compris la détoxification des polluants organiques et l’inactivation des bactéries. Il a été 

établi que les matériaux bidimensionnels, y compris MoS2, SnS, BN, peuvent être 

d’excellents candidats comme cocatalyseurs afin d’améliorer l’activité photocatalytique 

induite par la lumière visible. De plus, le g-C3N4 considéré comme un efficace 

photocatalyseur présentait une excellente activité d'oxydation photocatalytique, et son 

activité peut être encore améliorée avec la modification de surface par des groupes 



iv 

 

fonctionnels hydroxyle (une méthode de modification rapportée dans la thèse). Des 

suggestions de travaux futurs ont également été proposées dans cette thèse. 
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Chapter 1 Introduction 

 

 

 

With the rapid increase of population, energy shortage and environmental pollution have become 

two primary problems facing us today. With the use up of fossil fuels, it is urgent to pursue 

alternative energy source. Solar energy has been considered a promising candidate to alternate 

fossil fuels. To date, the primary strategies for solar energy conversion are solar-to-heat, solar-to-

electricity and solar-to-chemical energy. Among them, solar-to-chemical energy is a process to 

directly store solar energy into useful chemicals. One of the approaches is photocatalysis. 

Heterogeneous photocatalysis has become a hot research field, and has been implemented in 

various areas such as water splitting to evolve hydrogen, artificial photosynthesis (CO2 reduction), 

disinfection, heavy metals recovery, organic synthesis and N2 fixation (reduction). These 

applications are attributed to the fields of energy storage and environmental remediation, which 

suggest that photocatalysis may be a useful approach to overcome the problems faced by mankind 

today. 

The bottleneck for photocatalysis in practical use is the low quantum yield as for the low charge 

carriers’ separation. The effective approaches can be divided into two aspects: modifications of 

semiconductors and preparation of highly photoactive materials. Our research group, in recent 

years, has focused on bismuth-based semiconductors (BBS) applied in photocatalysis. As a group 

of promising photoactive materials, BBS exhibited excellent visible-light-driven photocatalytic 

activity. However, the activity of BBS can be further improved through modifications. In this work, 
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various two dimensional materials were tried to combine with BBS, as co-catalysts to improve the 

photocatalytic activity. This document is divided into ten chapters. Chapter 1 provides an 

introduction to this document. Chapter 2 provides in-depth literature review of the relevant fields. 

Chapters 3-7 discuss work performed to improve the photocatalytic activities of bismuth-based 

photocatalysts through combination with different dimensional materials. Specifically, Chapter 3 

comprehensively reviews MoS2 enhanced photocatalysis in literature. Chapter 4 studies the 

adsorption properties of MoS2 with different morphology prepared with different sulfur precursors. 

And Chapter 5 gives a case study on the MoS2 enhanced photocatalytic activity of Bi2MoO6. 

Chapters 6 and 7 introduce the SnS and BN, respectively, applied as a cocatalyst to improve the 

photocatalytic activity of BBS. Chapters 8 and 9 are focused on g-C3N4 with hydroxyl surface 

modification. Chapter 10 provides the conclusions, outlooks and scholarly contributions. 
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Chapter 2 Background and Literature Review 

 

 

 

2.1 Mechanism of photocatalysis 

In the photocatalytic process, semiconductor acts as a photocatalyst for light harvesting. When the 

semiconductor is activated by a photon (hν) with the energy equal or larger than the bandgap 

energy (Eg), a free electron (e-) can be promoted from the valence band (VB) into the conduction 

band (CB), producing a hole (h+) in the valence band (Figure 2.1). When the photogenerated 

charge carriers transfer to the surface of semiconductor, they can directly degrade organic 

pollutants adsorbed on the surface or a series of redox reactions may occur to generate reactive 

oxidative species (e.g. •OH, •O2
-, and •HO2), which are capable of oxidizing pollutants. The 

possible redox reactions are proposed as follows [1]: 

Photocatalysts h h e      (1) 

2     H O h OH H     (2) 

*  Pollutant Pollutanth    (3) 

2 2•   PollutantOH CO H O    (4) 

2 2      O e O    (5) 

2 2 2 2       /H O e HO H O     (6) 
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However, the photon-induced electrons and holes can recombine within a magnitude of few 

nanoseconds in the absence of suitable charge scavengers, leading to a low activity of 

photocatalysis [2, 3]. In this regard, many efforts have been made to improve photocatalytic 

activity, such as doping, modulating morphology of semiconductor materials, and establishing 

heterostructures. Among these, the formation of heterostructure is a simple and effective method 

to promote charge separation and photocatalytic activity [4]. 

 

Figure 2.1. Scheme of a heterogeneous photocatalytic process. 

2.2 Two-dimensional materials in photocatalysis 

Since the emergence of mono-layered graphene, a typical 2D material, many other 2D layered 

materials have been discovered and implemented in the field of photocatalysis, chemical and 

biological sensors, optoelectronics, energy storage, etc. [5]. Compared to their 3D counterparts, 

2D layered materials possess several unique features, beneficial to photocatalysis. For example, 

2D layered materials generally have high specific areas; thus, abundant surface active sites and 

VB 

CB 

h+ h+ h+ h+ h+ 

e- e- e- e- e- 

 

 

 

 

H2O 

•OH 

O2 

•O2
- 

hv ≥ Eg 
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good photocatalytic activity can be expected [6]. Secondly, some of them have high electric 

conductivity due to the π-conjugated structure, providing an excellent electron transport  platform 

for charge separation [7]. Thirdly, the ultrathin nature of 2D layered material could shorten the 

diffusion length of photogenerated charge carriers from the inside to the material surface. As a 

result, the probability of charge recombination could be significantly reduced and more electrons 

and holes could reach the surface to react with the target pollutants [8]. Besides, the 2D layered 

materials could serve as a flexible catalyst support due to their layered features, thus contributing 

to the dispersion of co-catalyst and charge transfer at the interface of composites [3]. To date, more 

than two dozen 2D materials have been explored for photocatalysis, including metal oxide 

nanosheets (e.g. WO3, titanoniocate, and perovskite oxides), layered transition metal 

dichalcogenides (TMDs), metal-free nanosheets (e.g. graphene or graphene oxide, C3N4, and h-

BN) and many more [3, 7]. The rapid progress in the development of 2D layered materials has 

triggered a variety of reviews focusing on the properties, synthesis methods, and applications [9-

11]. Typical 2D materials were selected for study in this work, and these materials were introduced 

below. 

2.2.1 MoS2 

MoS2 is an earth-abundant material that naturally occurs as mineral molybdenite. Due to the 

intrinsic layered structure, the exfoliation of bulk MoS2 into mono- or few-layer level is 

straightforward through a variety of methods such as mechanical exfoliation, chemical exfoliation 

and liquid phase ultrasonic exfoliation [12, 13]. Each layer is connected by weak van der Waals 

force and made up of plane of Mo atoms sandwiched between two planes of S atoms [6]. 

Depending on the atomic coordination between a central Mo atom and surrounding S atoms, the 

MoS2 can be semiconducting or metallic. In addition, the optical and electronic properties of MoS2 
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can be varied by band gap adjustment. It is reported that bulk MoS2 has an indirect bandgap of 

1.29 eV, which is insufficient for photocatalytic reactions and charge separation [5]. In contrast, 

when the size of MoS2 is reduced to the 2-dimentional scale (mono- or few-layers), the indirect 

bandgap transfers to a direct bandgap of ~1.9 eV [14]. Therefore, the low-dimensional MoS2 is 

regarded as a competitive candidate for visible-light driven photocatalytic reactions. More detailed 

information about properties and structures, problems along with possible approaches, and 

applications of MoS2 are discussed in Chapter 3. 

2.2.2 SnS 

Tin sulfides with different oxidation states of Sn can be divided into two chemical compositions: 

SnS and SnS2. Compared to the bulk counterparts, the structural distortions of layered tin sulfides 

contribute to the increasing density of states at the valence band edge, which can facilitate the light 

harvesting capacity and mobility of photogenerated charge carriers [7, 15]. It is reported that SnS 

was more efficient than SnS2 for photocatalytic hydrogen production, due to the low electron 

affinity and small ionization potential [16]. Additionally, lower cost, less toxic nature, and earth 

abundant feature of SnS have opened new horizons for the solar cell [17], lithium ion battery [18], 

photodetectors[19], and photocatalysis [20]. The energy band gap of SnS has exhibited both direct 

and indirect transition of around 1.07~1.3 eV, which is suitable for light absorption in the visible-

light region and near-infrared region [20, 21]. As a result, synthesis of SnS-based heterostructure 

with matched band alignments can not only improve charge separation but also broaden the light 

adsorption spectra of prepared composites. For example, Hu et al. synthesized SnS/SnS2 

heterostructure through a facile pyrolysis method [22]. The band alignment of prepared composites 

belongs to the type-I heterostructure, which could suppress the photogenerated charge 

recombination, compared to pure SnS and SnS2. The pristine SnS nanoflakes exhibited negligibly 
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photocatalytic degradation efficiency under simulative sunlight, while almost 90% of RhB could 

be removed after 120 min in the presence of SnS/SnS2 heterostructure. Yao et al. further explored 

the effect of Sn4+ content on the photocatalytic activity of urchinlike SnS/SnS2 heterostructures 

[23]. It was reported that the optimum content of Sn4+ was 40 wt% and the excessive content of 

Sn4+ resulted in the decreasing photocatalytic activity of methyl orange (MO) degradation. This is 

because the large content of Sn4+ may reduce the visible-light absorption capacity of the 

heterostructures due to the wide bandgap property of SnS2. Our group fabricated a novel Z-scheme 

heterostructure by combing n-type SnS with hierarchical n-type Bi2WO6 [21]. The formation of 

Z-scheme heterostructure could efficiently facilitate the separation of charge carriers without 

compromising their redox potentials. More results and discussions are furnished in Chapter 6. 

Besides, SnS is also known as a p-type semiconductor and integrated with other n-type 

semiconductors to form the p-n heterostructures [23, 24]. A 3D porous ZnO-SnS p-n 

heterostructure is established by Wang’s group through a novel two-step solution approach [25]. 

These composites synergistically integrated the large surface area and high redox potential of n-

type ZnO with visible-light absorption capacity of p-type SnS, which gives rise to carrier transfer 

and more reactive sites. 

2.2.3 BN 

Boron nitride (BN) is a metalloid compound, chemically composed of equal number of boron (B) 

and nitrogen (N) atoms. BN is a synthetic product, not found in nature at early years. And BN is 

isostructural to carbon (C) with various crystalline forms as shown in Figure 2.2. Among these 

forms, cubic BN (c-BN) and hexagonal BN (h-BN) are relatively stable [26, 27]; h-BN was more 

thermodynamically stable compared to c-BN at standard conditions, as BN synthesis usually 

resulted in the formation of h-BN. It can be found that the crystal structure of h-BN is similar to 
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graphite with layered sp2-bonded hexagonally packed sheets. And h-BN can also be exfoliated to 

form 2D BN nanosheets; BN nanosheets were also called ‘white-graphene’. However, 2D BN and 

graphene exhibit different properties as the different chemical compositions. It was well-known 

that in graphite, valence electrons set in a conjugated system make it an excellent electron 

conductor, whereas, BN exhibited insulating properties for the quite different electronegativity 

between these two atoms (i.e. B and N) in BN [28, 29]. In addition, BN was found with a wide 

band gap, which make it an attractive candidate in various areas such as ultraviolet 

photoluminescence and photocatalysis [30]. BN applied in photocatalysis usually acted as a 

cocatalyst to improve the photocatalytic activity of the substrate [31]. BN in photocatalyst systems 

can provide high surface area, form heterostructures as well as act as charge carriers accepters. All 

these properties are in favor of enhancing photocatalytic activity. BN nanosheets can be formed 

by mechanical exfoliation technique such as ball milling, as reported by Lee et al. [32], and liquid 

exfoliation method as reported by Coleman et al. [33] And the latter method is very promising, as 

it is insensitive to air and water and can potentially be scaled up to large quantities of exfoliated 

material, which was also adopted to 2D BN nanosheets in this work. And as-prepared BN was 

chemically combined with bismuth-based semiconductor, to explore the possibility of improving 

the visible-light-induced photocatalytic activity. 
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Figure 2.2. Crystal structures for BN (adapted from [26]) 

2.2.4 C3N4 

Carbon nitride, as a metal-free compound, has attracted significant attention in recent years, since 

the first report about photocatalytic water splitting using C3N4 by Wang et al. in 2008 [34]. The 

applications of C3N4 were extended from water splitting to other energy conversion and storage 

technologies such as fuel cells, metal-air batteries and environmental remediation [35, 36]. Various 

crystalline structures for C3N4 were predicted and reported, primarily including β-, α-, g-, defect 

zincblende- and cubic-C3N4 [37]. Graphitic C3N4 (g-C3N4) with similar crystal structure to 

graphene has been regarded as the most attractive crystalline form, when applied as a photocatalyst. 

In contrast to the pure carbon constituent of graphene, g-C3N4 is composed of carbon (C) and 

nitrogen (N), with some impurity of Hydrogen (H). And similar to BN, C3N4 is a semiconductor 

with a narrower band gap (compared to BN) of ~2.7 eV, which determines its responsiveness to 

visible light photons [38]. As a photocatalyst, C3N4 exhibits advantages such as being non-toxic, 

abundant, easy-to-synthesize and low cost [39]. And g-C3N4 is easy to prepare by thermal 
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polymerization of abundant nitrogen-rich precursors, such as urea, melamine, dicyandiamide, 

cyanamide, thiourea, and ammonium thiocyanate. C3N4 with a suitable band gap is usually applied 

as a photocatalytic substrate. However, for the low electrical conductivity and high recombination 

of photogenerated charge carriers, modifications on g-C3N4 are required to improve its 

photocatalytic activity. These modification methods were comprehensively reviewed, such as Ag 

modified C3N4 [40], formation of heterostructure [41] and morphology control [42, 43]. Further 

modification methods are required to improve the photocatalytic activity and make it possible to 

be applied in practice. 

2.3 Conclusions 

Two dimensional materials have become more and more popular, for their excellent performance 

in various areas including photocatalysis. General properties of typical 2D materials were 

introduced in this chapter, and more details would be discussed and reviewed in the Introduction 

part of each chapter. 
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Abstract 

MoS2-based photocatalysts attract wide attention as they possess a suitable band gap for 

visible-light harvesting, making it a promising earth-abundant photocatalyst for hydrogen 

production, environmental remediation, and photosynthesis. However, the rapid 

recombination of photogenerated electron-hole pairs, limited quantity of active edge sites, 

and difficult photocatalyst separation and recycling hinder the practical application of this 
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material. In this review, recent development of MoS2-based photocatalysts in various 

photocatalytic applications is summarized. In addition, possible approaches to enhance 

photocatalytic activity and separate photocatalysts from reaction media are discussed to 

provide a future direction in highly efficient photocatalyst design. 

3.1 Introduction 

Photocatalysis, as one of the advanced oxidation processes (AOPs), has been extensively 

studied since 1972 [1]. Applications of this advanced technique were developed from 

hydrogen evolution to environmental application as well as photosynthesis. Various 

semiconductors were also explored as a photocatalytic material. It is well known that even 

though TiO2 is the original material for photocatalysis and is mostly applicable in 

commercial processes [2, 3], hindrances are still apparent. One of the intrinsic hindrances 

is the band gap of TiO2 (~ 3.2 eV for anatase and brookite, ~ 3.0 eV for rutile), which 

determines that the excitation wavelength is in the UV region. It means only 5% of solar 

flux incident in the spectral regime can be utilized by TiO2-mediate photocatalytic system. 

To overcome this problem, one of the approaches is to tune the band gap of TiO2 via surface 

modification, doping etc. [4, 5]. Another effective method is to prepare novel visible light-

responsive photocatalysts with suitable band gaps. 

Among recently developed photocatalytic materials, noble-metal-free MoS2 has attracted 

attention and various results were reported, due to its high mobility of charge carriers and 

excellent optical absorption property [6-8]. Bulk MoS2 is an excellent catalyst for 

hydrodesulfurization, but not for photocatalysis due to its edge activity. That is because the 

S-Mo-S coordination in the crystal lattice generates unsaturated Mo and S atoms at the 
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edge, leading to the activity sites existing at the edges [7]. To overcome this problem to 

improve the photocatalytic activity of MoS2, several studies were reported and 

implemented in various applications. 

In this review, MoS2-based photocatalysis applied in various fields would be 

comprehensively summarized. Moreover, the emerged problems as well as possible 

approaches would be mentioned and suggested. Future development of MoS2-based 

photocatalysis would be proposed. 

3.2 Properties and structures 

Bulk MoS2 has a layered structure stacked by weak van der Waals forces as shown in 

Figure 3.1 [9]. Each layer consists of a plane of Mo atoms sandwiched between two planes 

of S atoms [10]. According to the stacking sequence of MoS2-layers and atomic 

coordination between a central Mo atom and surrounding S atoms, the MoS2 crystal 

structure can be classified into 4 types: 1H, 1T, 2H and 3R (Figure 3.1) [11]. The 1H 

polytype is the most stable phase with hexagonally packed Mo atom coordinated by six S 

atoms. The tetragonal polytype layered crystals (1T) has Mo atoms coordinated by six S 

atoms in an octahedral arrangement. The hexagonal polytype layered crystals (2H) is the 

most common phase and can be transformed from semiconductor into the metallic 1T phase 

by phase engineering [12]. Rhombohedral polytype layered crystals (3R) has three layers 

per unit cell and each Mo atom is surrounded by six S atoms in a trigonal prismatic 

arrangement. Among them, the 1T and 3R structures are metastable [13]. The electronic 

and optical properties of MoS2 can be varied by band gap adjustment due to the quantum 

confinement effect [7]. The bulk MoS2 has a small indirect bandgap (1.3eV), which in not 
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sufficient to induce photocatalytic reactions and not beneficial for the separation of charge 

carriers. However when the size of MoS2 is reduced to the 2-dimentional scale (e.g. MoS2 

nanosheets), the indirect bandgap transfers to a direct bandgap of 1.9 eV [7]. Thus, the low-

dimensional MoS2 is considered as a promising visible light-responsive photocatalyst. The 

fabrication methods of two-dimensional (2D) MoS2 can be classified into mechanical 

exfoliation, chemical exfoliation and bottom-up approaches, such as chemical vapor 

deposition (CVD), physical vapor transport and wet chemical approaches. [11, 14]. The 

first emergence of monolayer MoS2 is reported in 2005 using the mechanical cleavage 

strategy [15]. Various synthesis methods have their own advantages and intrinsic limitation. 

Among them, chemical exfoliation is capable of producing large quantities of mono- or 

few-layered MoS2 nanosheets with relatively high carrier mobility compared with 

mechanically exfoliated method. As a result, it may be potentially applied to a scaled-up 

fabrication of two-dimensional (2D) MoS2 [16, 17]. It is reported that the quality and 

quantity of prepared MoS2 nanosheets via chemical exfoliation is highly dependent on the 

solvent surface tension [17, 18]. When the surface tension (γ) of solvent is about 40 mJ/m2, 

the required exfoliation energy was minimized, leading to a mass of stable nanosheets. As 

a result, solvent with suitable surface tension is regarded as “good” solvent, such as N-

methyl-pyrrolidinone (NMP) and N-vinyl-pyrrolidinone (NVP). While the most 

commonly used solvent, H2O, is not suitable for MoS2 exfoliation by itself due to a 

relatively high value of surface tension (72 mJ/m2) and regarded as a “bad” solvent [16]. 

This modeling also demonstrated an easy way to fabricate a range of hybrid dispersions of 

2D materials via adding different raw materials in a suitable solvent, whose surface tension 

is within well-defined ranges for both 2D materials. Compared with the inactive bulk, 
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nanosized MoS2 is also in favor of increasing the specific edge sites. Recent studies have 

shown that the photocatalytic activity depends on the quantity of edge sites of MoS2. 

Specifically, Hinnemann et al. observed that approximately 25 percent of edge sites are 

active for photocatalytic reaction [19]. 

 

Figure 3.1. (a) Three-dimensional representation of the structure of MoS2 (b) Active 

adsorption sites of MoS2 monolayer with optimal structure (c) Schematic structure of the 1H, 

1T, 2H, 3R polytypes of MoS2. (Adapted from [20] and [11]) 

3.3 Applications 

3.3.1 Photocatalytic hydrogen production 

The increasing consumption of fossil fuel has triggered the global energy crisis and global 

warming. As a result, exploring a renewable and sustainable alternative to fossil fuel has 

become an important research area. Hydrogen has been considered as a clean energy 

resource that can be easily stored and used without producing any greenhouse gases. Since 



23 

 

the emergence of photocatalytic water splitting in 1972 [21], hydrogen evolution reaction 

(HER) via photocatalysis has raised enormous attention because it only requires water and 

solar energy. However, producing the conventional photocatalyst involves the utilization 

of noble metals or alloys (e.g. Pt) which hindered their large-scale application [22]. Thus, 

the development of competitive alternatives to noble metals is pursued. MoS2 has recently 

been regarded as a promising candidate of noble-metal-free co-catalyst as it is an earth-

abundant and visible light-responsive photocatalyst with unique physical and chemical 

properties [9, 23]. 

As a naturally layered material, the layer number of MoS2 plays an important role of HER 

activity. Chang et al. [24] systematically investigated the relationship between MoS2 layer 

number and photocatalytic hydrogen generation activity. In their study MoS2 loaded CdS 

(MoS2/CdS) with MoS2 layer numbers varying from 1 to 112 are prepared. The 

corresponding hydrogen production activity in Na2S-Na2SO3 and lactic acid solutions are 

explored respectively. It is demonstrated that the photocatalytic activity is increasing with 

decreasing MoS2 layer number and the highest H2 production rate is achieved when the 

MoS2/CdS has a single-layer (SL) MoS2. This layer-number-dependent photocatalytic 

activity is contributed to three major reasons. Firstly, it is well known that the unsaturated 

S atoms of the exposed edge sites are the active sites of hydrogen generation. With the 

decrease of MoS2 layer number, more active S atoms are exposed compared to the bulk 

material. Therefore, the SL MoS2 has the highest photocatalytic activity. Secondly, the 

transient photocurrent experiment indicates that reducing the MoS2 layer number is 

beneficial to charge carriers’ separation. It is likely due to the strong binding force between 

SL MoS2 and CdS. Therefore, it is easier for electrons to transport from CdS to SL MoS2 



24 

 

than the bulk material. Finally, the conduction band minimum (CBM) of SL MoS2 is not 

only more negative than H+/H2 potential but also negative versus the CBM of bulk form, 

thereby more electrons in the conduction band can reduce H+ to H2. 

It has been noted that the H2 production rate of SL MoS2/CdS in lactic acid solution (2.59 

mmol h-1) is higher than that in the Na2S-Na2SO3 solution (2.01 mmol h-1) and even higher 

than the production rate of Pt/CdS in lactic acid solution(0.44 mmol h-1). This is because 

the lactic acid solution is more abundant of H+ ions than Na2S-Na2SO3 solution, facilitating 

H+ absorption on active sites and H2 generation. Moreover, the -CO form generated from 

the degradation process in the lactic acid solution may poison the Pt catalyst and lead to 

the lower H2 production rate of Pt/CdS in lactic acid solution [25].  

Very recently, Ha et al. reported a Cu2ZnSnS4 (CZTS)/MoS2-reduced graphene oxide (rGO) 

heterostructure as the alternative of noble metals to produce H2 under visible light 

irradiation (Figure 3.2) [26]. The photocatalytic H2 generation rate of this ternary hybrid 

exhibited not only 320% higher than that of bare CZTS, but also much higher than that of 

Au or Pt decorated CZTS. The synergetic effect of superior conductive rGO and MoS2 with 

large number of active site lead to the high photocatalytic activity of CZTS/MoS2-rGO. On 

the other hand, the epitaxial growth induced formation of nanoscale interfacial contact 

between CZTS nanoparticles and MoS2-rGO substrates also facilitates the transportation 

of photogenerated electrons. This close contact is easier for electrons to transfer from the 

CZTS to MoS2 directly or indirectly via rGO achieving the electron-hole pairs’ separation. 



25 

 

 

Figure 3.2. (a)Schematic illustration of charge transfer and band energy diagram in 

CZTS/MoS2-rGO nanocomposites (b) Illustration of band energy diagram in CZTS/MoS2-rGO 

nanocomposites (Adapted from [26]) 

3.3.2 Environmental remediation 

With the global economic growth in recent times, the treatment of tremendous pollutants 

has become a global priority. Therefore, a variety of methods have been made to develop 

pollutant removal or pollutant degradation technologies, such as adsorption [27], 

biodegradation [28] and photocatalytic oxidation [29]. Compared with other technologies, 

the major merits of photocatalysis include the facile reaction conditions, its eco-friendly 

performance due to the utilization of solar energy and its lack of toxic by-products. MoS2 

has also extensively implemented in photocatalytic oxidation of pollutants. In 

photocatalytic oxidation process, photogenerated holes on the valence band play a 

significant role. The valence band edge potentials for bulk MoS2 and monolayer MoS2 were 

estimated to be 1.40 eV and 1.78 eV respectively, which are not oxidative enough to 

generate free radicals (e.g. •OH) and directly decompose pollutants [30]. However, MoS2 

may serve as a co-catalyst to improve the photocatalytic activity of the support via 

suppressing the recombination of photogenerated charge carriers. 
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3.3.2.1 Organic pollutants decomposition 

To date, MoS2-based photocatalyst has been used in many areas, such as dye degradation 

in water treatment, degradation of toluene in the gas phase [31]，Photocatalytic oxidative 

desulfurization of gasoline [32], and other decomposition of refractory pollutants [33].  

In order to enhance the photocatalytic performance, the construction of unique structures 

to improve the charge carriers’ separation and photocatalytic stability has been widely used 

in the design of photocatalysts. Shao et al. synthesized a novel ternary photocatalyst 

(Ag3PO4/TiO2@MoS2) and optimized the content of TiO2@MoS2 in the 

Ag3PO4/TiO2@MoS2 nanocomposite [34]. When the mass fraction of TiO2@MoS2 is 3.5%, 

almost all the methyl orange (MO) and methylene blue (MB) can be degraded within 12 

and 5 min, respectively. Due to the excellent electronic conductivity of MoS2, the TiO2 

nanofibers vertically coated with MoS2 layer could act as a ‘wire’ to transfer 

photogenerated electrons from Ag3PO4 into the solution quickly. Accompanied by the 

photogenerated carriers’ separation, the photocorrosion of Ag+ is also effectively inhibited. 

As a result, the degradation rate of oxyteracycline in the presence of the 

Ag3PO4/TiO2@MoS2 only reduced by 10% after 10 cycling runs. The following XPS test 

further confirmed that no obvious metallic Ag is formed during the photocatalytic reaction. 

The inhibition effect of MoS2 on the metal loss during photocatalytic process is also 

reported in another study [35]. The excellent photogenerated carriers’ separation and anti-

photocorrosion ability makes the MoS2-based photocatalyst as a promising candidate in the 

practical applications. 

The near-infrared (NIR) light accounts for 46% of the solar light. Therefore, it is important 

to develop NIR responsive photocatalysts for effective sunlight harvesting. A commonly 
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used method is combining the photocatalytic semiconductors with upconversion materials 

[36, 37]. For instance, Chatti et al. synthesized nanocomposites for Rhodamine B 

decomposition [36]. The degradation rate of MoS2-NaYF4:Yb3+/Er3+ is much higher than 

that of NaYF4:Yb3+/Er3+ because of the layered structure of MoS2 and the compact 

interface between MoS2 and NaYF4:Yb3+/Er3+. In addition, the degradation rate of MoS2-

NaYF4:Yb3+/Er3+ is almost three times higher than that of the mechanical mixture of 

NaYF4:Yb3+/Er3+ nanocrystals and MoS2 which reveals that the close contact at the 

interface is the key for the transmission of photon energy and further influence the NIR 

photocatalytic activity. Although the NIR responsive photocatalyst provides an approach 

for sunlight harvesting, it still suffers from the low photocatalytic efficiency compared with 

other visible light-responsive photocatalysts [38, 39]. Thereby, the NIR responsive 

photocatalyst still needs further development before it can be deemed practical. 

3.3.2.2 Inorganic pollutants treatment 

The diverse inorganic pollutants discharged into the environment have generated 

increasing ecological concerns. Nowadays, MoS2-based photocatalysts have been widely 

used in the treatment of heavy metals [35, 40, 41] and nitric oxide (NO) removal [42, 43]. 

Chromium (VI) is a typical carcinogenic heavy metal that widely existed in wastewater 

due to its extensive use in the field of leather tanning, wood preservation, mineral 

extraction and so on [44, 45]. Therefore, the development of advanced technologies for 

efficient Cr(VI) removal has become a hot spot for research. Presently, a lot of researchers 

have focused on the adsorption and photocatalytic reduction of Cr(VI) using MoS2-based 

photocatalysts [35, 40, 46]. Gao and coworkers have investigated the efficiency of a novel 

organic-inorganic hybrid, Polyaniline (PANI) modified MoS2, as the 
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adsorbent/photocatalyst for Cr(VI) removal [40]. Based on their results, the Cr(VI) 

adsorption feature is highly pH dependent. At low pH values (pH:1.5-4.0), the protonated 

amine groups of PANI is favourable to attract negatively charged Cr(VI) anions, such as 

HCrO4
- and HCr2O7

2- leading to a higher removal efficiency. The acidic condition also 

facilitates the photocatalytic reduction of Cr(VI), because the reduction product (Cr(OH)3 

under alkaline conditions can precipitate on the surface of PANI@MoS2. Therefore, the 

active sites can be covered and photocatalytic activity will be inhibited. Compared with 

bare PANI and MoS2, PANI@MoS2 possessed the highest Cr(VI) removal rate with or 

without UV irradiation due to the good adsorption capacity of PANI and the flower-like 

MoS2 that provides a large surface area and active binding sites. In addition, this new 

adsorbent/photocatalyst also has better Cr(VI) removal ability than that of other adsorbents 

[44, 47]. The effects of ionic strength and reusability of the PANI@MoS2 were also tested. 

The photocatalytic reductive adsorption features of Cr(VI) is shown in Figure 3.3. This 

work implies that the adsorption capacity of MoS2-based materials targeting heavy metal 

ions may not be negligible and the pH value of the wastewater should be considered when 

a MoS2-based material is used for Cr(VI) removal. This conclusion may also be applied to 

other applications of MoS2-based materials, such as photocatalytic degradation of organic 

pollutants. Wang et al. reported a ternary nanocomposite composed of Fe0, graphitic carbon 

nitride (g-C3N4) and MoS2 (GCNFM) for the long-term application of Cr(VI) reduction 

[35]. Upon an excitation of visible light, the photogenerated electrons could transfer to the 

CB of MoS2 and doped Fe0 particles due to the suitable band alignment. This promoted the 

separation of charge carriers leading to an enhanced Cr(VI) reduction efficiency compared 

with g-C3N4 (GCN), MoS2-modified GCN and Fe0 doped GCN. Moreover, the Fe2+/ Fe0 
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redox potential (E0 = -0.44 V vs NHE) is more negative than Cr2O7
2-/Cr(III) (E0 = 1.35 V 

vs NHE). Therefore, Fe0 particles could also participate in the reaction of Cr(VI) reduction 

and be consumed with a prolonged reaction. However, the recycle experiment indicates a 

good reusability of this nanocomposite. There is no obvious decrease in Cr(VI) reduction 

efficiency after five repeated cycles. This is attributed to the fact that the Fe0 could be 

regenerated by the reduction of photogenerated electrons. As a result, this work provides 

an approach to a recyclable photocatalyst design. 

 

Figure 3.3. (a) The effect of pH on Cr(VI) adsorption in the presence of different materials 

under UV irradiation (I=0.01 M NaNO3 and T=293K); (b) and (c) Adsorption isotherms of 

Cr(VI) on different materials with or without UV irradiation (pH=3.0 ±0.1, I=0.01 M NaNO3 

and T=293K); (d) and (e) The effect of ionic strength on Cr(VI) adsorption in the presence of 

different materials with or without UV irradiation (pH=3.0 ±0.1); (f) Reusability of 

PANI@MoS2 for Cr(VI) removal. (Adapted from [40]) 

Nowadays, MoS2-based photocatalysts have also been used for air purification, especially 

for NO removal [42, 43]. A novel Z-scheme structure, (BiO)2CO3/MoS2, is reported by 
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Xiong et al. for NO removal in gas phase [43]. The content of the MoS2 nanocomponent 

in the structure can affect the efficiency of NO removal. An enhanced efficiency in NO 

removal is observed when the MoS2 content is increased from 1% to 5%. However, further 

increasing content of MoS2 leads to a decrease in NO removal efficiency. The possible 

reason for the negative effect of excessive content could be the blocking of incident light 

by MoS2 [48]. Although (BiO)2CO3 and MoS2 are n-type and p-type semiconductors, 

respectively, the p-n junction is not formed in this photocatalyst system. This is confirmed 

by the electron spin resonance trapping experiment which revealed that holes and •O2
- were 

the main reactive oxidization species. Instead, a novel Z-scheme photocatalyst was 

obtained. This structure can effectively separate photogenerated electrons and holes 

without compromising the redox ability of the charge carriers. Accompanied by the porous 

and hierarchical structures, the performance of (BiO)2CO3/MoS2 is better than that of pure 

(BiO)2CO3 and MoS2. However, the activity loss caused by MoS2 oxidation/corrosion 

should be considered, which might hinder the practical application of this type of material 

[48]. Wen et al. synthesized MoS2-g-C3N4 nanocomposites by a simple ultrasonic 

dispersion method and tested their photocatalytic activity by NO removal [42]. The 

influence of MoS2 content on the photocatalytic activity of MoS2-g-C3N4 nanocomposites 

exhibited a similar trend of that in (BiO)2CO3/MoS2. A slight increase of MoS2 content is 

beneficial to the photocatalytic activity. However, further increase of MoS2 content could 

inhibit light absorption and the increasing intermediates (HNO2 and HNO3) loaded on the 

photocatalytic surface may also block the activity. The highest photocatalytic activity was 

obtained when the weight content of MoS2 was 1.5 wt%. The resulting NO removal 

efficiency is enhanced by 65% when compared with bare g-C3N4. 
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3.3.2.3 Photocatalytic disinfection 

Extensive research has been conducted for the photocatalytic inactivation of microbial 

pollutants due to the superior inactivation ability of photocatalytic semiconductors 

compared with conventional disinfection methods [49-51]. Chlorination is a typical 

conventional disinfection method, which suffers from many problems. For example, 

chlorine can react with natural organic matter (NOM) to form some undesirable 

disinfection by-products (DBPs) and it is not effective for some pathogens, such as 

protozoa which are zoonotic pathogens [52]. Even some advanced disinfection methods 

such as ozonation also have their own hazardous disinfection by-products and lack of 

disinfection residuals [49]. In contrast, photocatalytic disinfection is a reusable and eco-

friendly process that does not form DBPs due to its relatively inert chemical and biological 

features. 

The major mechanism of photocatalytic disinfection involves the reactive oxygen species 

[51]. They can trigger the breakdown of cell membranes and then promote the 

internalization of the semiconductor photocatalyst, ultimately leading to cell death [53, 54]. 

Therefore, improving the separation of photogenerated electrons and holes is in favor of 

photocatalytic disinfection efficiency. 

Due to its excellent conductivity and unique layered structure, MoS2 can be used to 

combine with other semiconductors to enhance the separation of photogenerated charge 

carriers resulting in promoted ability of photocatalytic disinfection. Awasthi et al. attached 

flower-like ZnO on the surface of layered MoS2 via the hydrothermal method [55]. An 

enhanced antibacterial activity was observed by using gram negative E. coli bacteria in 

comparison with pristine ZnO and MoS2. It is not only attributed to the efficient separation 
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rate of electron and hole pairs in the ZnO/MoS2 nanocomposite, but also the increased 

surface area induced by the layered MoS2. According to the SEM and TEM images, the 

introduction of MoS2 could lead to a larger surface area with reduced particle size 

compared with pristine ZnO. The smaller size could facilitate the administration of 

nanoparticles, thus resulting in better disinfection ability [56]. Liu et al. prepared a ternary 

photocatalyst (carbon nanotubes(CNTs)-MoS2-Ag) and discovered its antibacterial activity 

against the Staphylococcus aureus and Escherichia coli [57]. It is reported that the 

antibacterial mechanism of this material not only includes the microorganism killing effect 

of Ag particles, but also relies on light absorption. The CNTs-MoS2-Ag nanocomposites 

showed good antibacterial activity both in dark and visible light. However, the antibacterial 

activity of CNTs-Ag only enhanced slightly under illumination compared with that in the 

dark. Herein, the ultra-thin MoS2 could improve the photo-absorption and catalytic activity. 

3.3.3 Photosynthesis 

Excited by the incident photons, photocatalytic can generate a series of redox species for 

the photoreduction or photooxidation process with adsorbed organic or inorganic substrates 

to produce targeted substances. To date, various types of photosynthesis processes have 

been explored such as photoreduction of carbon dioxide for solar fuel generation [58], 

photoreduction of nitrogen for ammonia production [59, 60] and photosynthetic production 

of organics [61]. 

Photosynthetic production of organics has been considered as a promising alternative to 

the conventional route of organic production due to its mild conditions and 

environmentally friendly process. Conventional route of organic production usually 

requires a large excess amount of strong redox chemicals and hazardous heavy metal 
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catalyst [61, 62]. In comparison, the photocatalytic organic synthesis utilizes sustainable 

solar light as the energy source and nontoxic photocatalysts which are chemically stable 

and reusable with the negligible loss of catalytic ability [61]. Wang et al. developed a 

visible light-driven photocatalyst, TiO2 nanoparticle modified MoS2 layer, for aerobic 

thiocyanation of indoles at room temperature [62]. The optimal isolated yield (93%) was 

achieved when the molar ratio of TiO2 to MoS2 is 10. A possible mechanism for the 

photocatalytic thiocyanation of indoles is shown in Figure 3.4. MoS2 served as 

photosensitizer and synergistically worked with TiO2 to boost the photocatalytic activity. 

Based on the recycling test, this TiO2/MoS2 nanocomposite exhibited good recyclability 

with no substantial loss of activity in eight repeated cycles. Thus, this work provided a 

competitive facile, simple work-up and eco-friendly route for thiocyanation of indoles. 

 

Figure 3.4. Possible mechanism for photocatalytic thiocyanation of indoles. (Adapted from 

[62]) 

N2 reduction for ammonia production plays an important role in the industrial and 

biological fields [63]. Traditional Haber-Bosch process requires a lot of energy and the 

total annual CO2 emission could reach 300 million metric tons in this process [64]. As a 
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result, great efforts have been adopted in order to economically and environmentally 

improve the ammonia production process [59, 65, 66]. Sun et al. took advantage of 

ultrathin MoS2 to generate tightly bound excitons to capture additional electrons for the 

multi-electron reduction process of N2 [67]. This electron-rich system can reduce the 

thermodynamic barrier for the reaction of N2 reduction and avoid the formation of high-

energy intermediates, such as N2H and N2H2. Although the highest photocatalytic ammonia 

synthesis rate (0.5 mg/L) still cannot meet the practical demand, this pioneering work 

provides a possibility of applying electron-rich semiconductor photocatalysts (e.g. n-type 

semiconductor) to the multi-electron reduction process. 

3.3.4 Bifunctional photocatalysis 

Nowadays, extensive efforts have been dedicated to the study of bifunctional 

photocatalysis [35, 68-70]. Due to the natural properties of semiconductor photocatalysts, 

they can generate both reductive and oxidative species simultaneously under an 

illumination [71]. Thereby, a bifunctional photocatalyst generally contains an active wide 

band gap semiconductor as the substrate that can be ideally involved in a variety of 

photocatalytic reduction and oxidation reactions for different applications. For example, 

Rong et al. developed a new visible light-responsive nanocomposite, Er3+:Y3Al5O12/MoS2-

NaTaO3-PdS, for photocatalytic degradation and hydrogen production [33]. In their system, 

Er3+:Y3Al5O12 converts the visible light into ultraviolet light, which is capable of exciting 

the NaTaO3 to generate the electron-hole pairs. After that, the photo-induced electrons and 

holes can be effectively separated by transfer to the MoS2 co-catalyst and PdS co-catalyst, 

respectively. Subsequently, the separated charge carriers can degrade refractory pollutants 

and produce hydrogen. The band energy of Er3+:Y3Al5O12/MoS2-NaTaO3-PdS 
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nanocomposite photocatalyst is shown in Figure 3.5. This nanocomposite also retained 

good photocatalytic performance after three repetitive cycles. The excellent stability of this 

new material makes it a promising candidate for bifunctional photocatalyst. 

 

Figure 3.5. The band energy of Er3+:Y3Al5O12/MoS2-NaTaO3-PdS nanocomposite photocatalyst 

(Adapted from [33]). 

Briefly, bifunctional MoS2-based photocatalysts can be classified into four groups 

according to their applications: organic pollutant decomposition and photocatalytic 

reduction of Cr(VI) [35], organic pollutant decomposition and photocatalytic hydrogen 

production [68], organic pollutant decomposition and photocatalytic disinfection [55], and 

organic pollutant decomposition and metal ion sensor [72]. The detailed bifunctional 

photocatalysts and their applications are summarized in Table 2.1. 

Although promising in principle, bifunctional photocatalysts still suffer from many 

challenges before they can be used in a wide range of practical applications. Firstly, the 

photocatalytic activity of a bifunctional photocatalyst is generally lower than that of a 

monofunctional photocatalyst [69, 73]. In addition, performing two different photocatalytic 
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processes simultaneously cannot be reached currently due to the different reaction 

conditions of these processes and the lack of reactor designing [33]. 

Table 2.1. Summarized bifunctional photocatalysis 

Application of 

photocatalyst 
Photocatalyst Description Ref. 

Organic pollutant 

decomposition 

and photocatalytic 

reduction of 

Cr(VI) 

n-BiVO4@p-

MoS2 

Photocatalytic degradation of Crystal violet and 

photocatalytic reduction of Cr(VI) under visible light 
[41] 

Fe0 doped g-

C3N4/MoS2 

Photocatalytic degradation of rhodamine B (RhB) and 

photocatalytic reduction of Cr(VI) under visible light 
[35] 

Organic pollutant 

decomposition 

and photocatalytic 

hydrogen 

production 

TiO2/MoS2/TiO2 
Photocatalytic degradation of MO and photocatalytic 

hydrogen production under visible light 
[74] 

g-C3N4/Ag/MoS2 
Photocatalytic degradation of RhB and photocatalytic 

hydrogen production under visible light 
[75] 

TiO2@MoS2 

Photocatalytic degradation of RhB and photocatalytic 

hydrogen production under irradiation with 

wavelength in the range of 280-700nm 

[76] 

TiO2-MoS2 

Photocatalytic degradation of RhB and photocatalytic 

hydrogen production under UV irradiation (< 400 

nm) 

[77] 

MoS2/TiO2 

Photocatalytic degradation of MO under visible light 

and photocatalytic hydrogen production under 

simulated solar light 

[68] 

N-TiO2-x@MoS2 

Photocatalytic degradation of MO under visible light 

and photocatalytic hydrogen production under 

irradiation from a solar simulator 

[69] 

ZnIn2S4/ MoS2 
Photocatalytic degradation of MO and photocatalytic 

hydrogen production under visible light 
[78] 

Er3+:Y3Al5O12/M

oS2–NaTaO3–PdS 

Photocatalytic degradation of amaranth and 

photocatalytic hydrogen production under visible light 
[33] 

Organic pollutant 

decomposition 

and photocatalytic 

disinfection 

MoS2/ ZnO 

Photocatalytic degradation of phenol red and 

photocatalytic disinfection under UV lamp and natural 

sun light 

[55] 

MoS2-Bi2WO6 
Photocatalytic degradation of RhB and photocatalytic 

disinfection under visible light 
[70] 

Organic pollutant 

decomposition 

and metal ion 

sensor 

MoS2/C3N4 
Photocatalytic degradation of MO under visible light 

and photoelectrochemical selective sensing of Cu2+ 
[72] 
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3.4 Problems along with possible approaches 

3.4.1 Morphology control 

Morphology of MoS2 influenced its photocatalytic performance to some extent. Hu et al. 

has explored the effect of MoS2 morphology and particle size on its photocatalytic 

properties [79]. They have prepared MoS2 with two-type morphologies, namely, nano-ball 

and nano-slice. It was found that for bulk MoS2, owing to its large size and the narrow band 

gap, no hydroxyl free radicals were produced. When the size decreased to nanosize range, 

the photocatalytic activity of MoS2 in the degradation of organic pollutants in water was 

greatly improved, and the nano-ball MoS2 performed better that the nano-slice MoS2, 

which was due to the curvature effect of the curved basal surface. Tan et al. have reported 

the fabrication of MoS2-ZnO nano-heterostructure with MoS2 of different morphology and 

explored its effect on the photocatalytic activity [80]. Four different precursors, including 

(NH4)2S, C2H5NS, CH4N2S and Na2S, were used in preparing MoS2 with four different 

morphologies. When the morphology of MoS2 changed from bulk to layered, the 

photocatalytic activity was significantly influenced. As calculated by Kuc et al. [81], band 

gap of MoS2 was greatly influenced by the number of MoS2 layers. With decreases in the 

number of layers from 8 to 1, the band gap was increased from 1.2 eV to 1.9 eV, and the 

band transition was changed from indirect to direct transition. The change in the band gap 

values as well as the transition type is in favor of supressing the recombination rate of 

photogenerated charge carriers, so as to improve the photocatalytic activity of MoS2 [76] 

(e.g. improving the hydrogen evolution rate [82, 83]). Controlling the morphology of MoS2, 

by means of adjusting the preparation conditions or reducing the number of layers, is an 

effective approach to improve its photocatalytic performance. 
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3.4.2 Modulation of energy band by doping 

In order to achieve an enhanced photocatalytic activity, decorating the band gap energy of 

semiconductor photocatalysts by chemical dopants is extensively used. The impurity level 

generated by dopants could trap photogenerated charge carriers [39] and enhance the 

visible light absorption of the photocatalyst [69, 84]. With respect to MoS2-based 

photocatalysts, the commonly used metallic dopants include Co [85], Ni [85], Ag [39], Fe 

[35] and Ti3+ [69, 86], while the non-metallic dopants include N [87-89] and P [90].  

Liu et al. reported that the mid gap level generated by N dopant could reduce the bandgap 

energy of MoS2, improving the visible light adsorption and the degradation activity of RhB 

[88]. Moreover, N-doped MoS2 has a larger surface area with more exposed active sites in 

comparison with bare MoS2. The large surface area of N-doped MoS2 increases the surface 

adsorption ability of the reactants, thus enhancing the degradation activity of RhB. 

However, the photocatalytic activity of this N-doped MoS2 is still very low (rate constant 

for the photocatalytic degradation of RhB: 0.06928 min-1) due to the intrinsic narrow band 

gap of MoS2. Therefore, combining MoS2, dopants and another photocatalyst is an 

effective way to improve the photocatalytic activity. For example, MoS2 has been 

combined with N-doped graphene for improved photocatalytic activity [87, 89]. By doping 

with nitrogen, a reduced graphene (rGO) can change from a passive support for charge 

transport to an active n-type semiconductor photocatalyst for enhanced charge transport 

and generation [89]. The integration of n-type N-doped rGO and p-type MoS2 can form 

multiple nanoscale p-n junction composites which can both facilitate the generation of 

photoinduced charge carriers and inhibit charge recombination. Additionally, the novel p-

n junction composites indicated a wide spectral response, from UV irradiation to the near-



39 

 

infrared light, for photocatalytic hydrogen generation [89]. Carraro et al. combined N-

doped crumpled graphene and MoS2 as p-n nanojunctions by a novel one-pot aerosol 

process [87]. The as prepared p-n nanojunctions displayed a photocatalytic efficiency that 

is 7-fold higher than pure MoS2 due to the enhanced charge transfer and separation ability 

provided by the local p-n junction. The existence of C-N-Mo bonds also indicated that the 

doped N atoms can serve as an anchoring center for the assembly of MoS2 nanoparticles 

[87]. Liu developed a core-shell nanostructure consisting of N and Ti3+ co-doped TiO2 core 

and MoS2 shell for both photocatalytic degradation and hydrogen production [69]. N 

doping and Ti3+ self-doping created new mid gap stages above the valance band and at the 

bottom of the conduction band of TiO2, respectively. These generated new mid gap states 

narrow the band gap of TiO2 to increase visible light adsorption. The introduction of a 

MoS2 shell further improved the photocatalytic activity due to the effective charge 

separation capacity supplied by the core-shell heterojunction structure and the abundant 

active sites provided by the MoS2 shell.  

Some studies also revealed that transition metal ion (e.g. Co2+ and Ni2+) doped MoS2 can 

expose more unsaturated sulfur atoms for hydrogen production and reduce the HER over 

potential, thus enhancing the photocatalytic activity of MoS2-based hybrid photocatalysts 

[85]. In some cases, doped transition metal ions could also capture the photogenerated 

electrons to promote charge separation [35]. With the help of a rationally designed band 

alignment, partial transition metal ions can be regenerated, highlighting their potential 

ability for long-term practical applications [91].  
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3.4.3 Band alignment via forming heterojunction 

Besides doping, formation of heterojunctions between MoS2 and other semiconductors is 

another ingenious method to improve the photocatalytic activity of MoS2-based 

photocatalysts [91-94]. Generally, MoS2-based heterostructure is formed by the in situ 

growth of MoS2 precursor on the surface of another semiconductor, followed by MoS2 

nucleation and growth [25, 95]. Based on the band alignments, conventional heterojunction 

photocatalysts can be divided into three groups (see Figure 3.6) [96]. As illustrated in 

Figure 3.6c, the band alignments of type III is not in favor of charge separation because the 

bandgaps of two semiconductors are not overlapped. In contrast, type I and type II 

heterojunction photocatalysts can facilitate the charge separation by different mechanisms. 

Take the CdS/MoS2, a type I heterojunction photocatalyst, as an example [91]: 

photogenerated electrons in the conduction band of CdS nanosheets can transfer to the 

conduction band of MoS2 nanosheets because MoS2 possesses a more positive conduction 

band than CdS (see Figure 3.6a). As a result, the photogenerated electron-hole pairs in CdS 

can be separated to further enhance the photocatalytic activity. However, the 

photogenerated holes in valence band of CdS could transfer to the valence band of MoS2 

due to the more negative valence band of MoS2, leading to the accumulation of both 

electrons and holes in the MoS2 semiconductor. Therefore, charge carriers may not be 

effectively separated in type I CdS/MoS2 heterojunction photocatalyst. For type II 

heterojunction photocatalysts, the pathway for charge transfer is shown in Figure 3.6b 

(MoS2/g-C3N4 as an example) [97]. After activated by visible light, photogenerated 

electrons can transfer from the conduction band of g-C3N4 to the conduction band of MoS2 

while holes move oppositely. Consequently, electrons and holes are accumulated in MoS2 



41 

 

and g-C3N4, respectively. The spatial separation of charge carriers can significantly reduce 

the charge recombination and achieve high photocatalytic activity. 

 

Figure 3.6. different types of conventional heterojunction photocatalysts and their 

corresponding charge transfer pathways: (a) type I (Adapted from [91]), (b ) type II (Adapted 

from [97]), and (c) type III (Adapted from [98]). 

Another interesting heterojunction, p-n heterojunction, is able to considerably improve 

charge separation compared to type II heterojunction due to the formation of an inner 

electric field [98-102]. For example, our group reported a novel p-n heterojunction 

photocatalyst, p-MoS2 / n-Bi2WO6, via a simple bath sonication method (see Figure 3.7a) 

Type I 
Type II 

Type III 

(a) (b) 
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[70]. At the interface of Bi2WO6 and MoS2, electrons on the n-Bi2WO6 tend to diffuse into 

the p-MoS2. Simultaneously, holes on the p-MoS2 tend to diffuse to the opposite direction. 

Therefore, a built-in electric field is formed at the p-n interface. Under illumination, the 

electrons and holes can be rapidly separated by the synergetic effect between the built-in 

electric field and the band alignments. As a result, the fast charge recombination can be 

efficiently inhibited. These heterojunction photocatalysts all exhibit good separation 

efficiency of photogenerated electron-hole pairs, though the electrons and holes all 

eventually accumulate at the conduction band or valence band with lower redox potentials. 

In order to achieve good charge separation efficiency without compromising the redox 

ability of the charge carriers, the Z-scheme heterojunction photocatalysts have been applied. 

Xiong et al. reported a Z-scheme heterojunction system, (BiO)2CO3/MoS2, for NO removal 

[43]. Under visible light irradiation, both (BiO)2CO3 and MoS2 can be excited to generate 

electron-hole pairs. Subsequently, the photogenerated electrons in the conduction band of 

(BiO)2CO3 could migrate and combine with the holes in the valence band of MoS2. As a 

result, photogenerated electrons and holes are spatially separated and eventually 

accumulated at the conduction band of MoS2 and the valence band of (BiO)2CO3, 

respectively (see Figure 3.7b). Moreover, ternary heterojunctions have been reported as an 

effective architecture to further improve the photocatalytic activity of binary structures. 

Zhang and co-workers reported a ternary nanocomposite, TiO2/g-C3N4/MoS2, which 

possessed two type II heterojunctions at the interface of TiO2/g-C3N4 and TiO2/MoS2 [103]. 

As shown in Figure 3.7c, photogenerated electrons could transfer from the conduction band 

of g-C3N4 (or MoS2) to the conduction band of TiO2 and photogenerated holes in the 

valence band of TiO2 could migrate to the valence band of g-C3N4 (or MoS2). Eventually, 
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the photogenerated electrons are mainly collected by TiO2 which further reduces the O2 to 

•O2
- for dye degradation, while the photogenerated holes are mainly collected by g-C3N4 

and MoS2. It is reported that MoS2 modified TiO2/g-C3N4 nanocomposites have a higher 

photocatalytic activity relative to TiO2/g-C3N4 binary nanocomposites due to the synergetic 

effect between TiO2/g-C3N4 and TiO2/MoS2 heterojunctions. Specifically, the TiO2/g-

C3N4/MoS2 ternary photocatalyst could not only extend the light absorption range but also 

enhance the light utilization rate. Other MoS2-related ternary photocatalysts were also 

reported to have advanced performances in photocatalysis [104, 105]. 

In conclusion, a rational design of band alignments to fabricate heterojunctions suggests 

an efficient approach to enhanced photocatalytic activity. 
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Figure 3.7. Typical samples of heterojunction photocatalysts and their corresponding charge 

transfer pathways: (a) p-MoS2 / n-Bi2WO6 heterojunction photocatalyst (Adapted from [70]), 

(b) (BiO)2CO3/MoS2 Z-scheme heterojunction system (Adapted from [43]), and (c) TiO2/g-

C3N4/MoS2 ternary heterojunction photocatalyst (Adapted from [103]). 

3.4.4 Surface plasmon resonance (SPR)–enhanced photocatalysis 

Briefly, SPR is the collective oscillation of electrons induced by the light at the plasmon 

frequency of plasmonic metallic nanostructures [106-114]. Extensive research has 

indicated that the nanostructure size, shape, composition, location and proximity to other 

nanostructures can affect the frequency of this resonance [115-119]. By tuning these factors, 
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the absorption spectrum of plasmonic-metal assembled semiconductors can be extended 

from UV to visible light or even NIR. The two major photocatalytic enhancement 

mechanisms of plasmonic-metal assembled semiconductors include charge transfer 

enhancement and local electric field enhancement [106]. In the former mechanism, metallic 

plasmonic nanoparticles act as electron donors injecting plasmon-induced electrons, also 

known as hot electrons, to the conduction band of adjacent semiconductors to increase the 

photocatalytic reaction rate. The latter mechanism attributes the enhanced photocatalytic 

activity to the intense local electric field generated by the plasmonic metallic 

nanostructures. It is reported that the generation rate of charge carriers in these specific 

electric fields could be 1000 times higher than that of the incident electromagnetic field 

[120, 121].  

Silver (Ag) and gold (Au) nanostructures have been integrated with MoS2-based 

photocatalysts to broaden the absorption spectrum and improve the separation efficiency 

of photoinduced charge carriers [75, 122]. The assembling of Ag nanoparticles in the 

ternary photocatalyst, g-C3N4/Ag/MoS2, improved the visible-light absorption of MoS2 

[75]. Due to the surface plasmon resonance effect, hot electrons generated by the Ag 

nanoparticles could inject to the conduction band of semiconductors, which left behind 

holes that can combine with other donor ions, further improving the charge carriers’ 

separation. Zhang et al. investigated the HER activity of Au nanostructure assembled 

monolayer MoS2 [122]. It is shown that the HER activity of a plasmonic photocatalyst 

relies on the shape of the Au nanostructure. Specifically, Au nanorods (Au NRs) assembled 

MoS2 exhibited superior HER activity than that of Au nanospheres (Au NSs) and Au 

nanotriangles (Au NTs) assembled MoS2 due to the higher amplitude of the longitudinal 
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SPR of Au NRs. Moreover, the single particle photoluminescence measurement confirmed 

the transfer of plasmon-reduced hot electrons at the Au-MoS2 interface. The hot electrons 

could further transfer to the active sites of MoS2 to produce H2. The resulting holes located 

in the Au nanostructures could act with lactic acid, thus further facilitating the Au 

regeneration. The plasmon-induced electric field is also believed to enhance the charge 

generation rate and increase the recombination lifetime (~800 ps). As a result, promoting 

the interfacial hot electron transfer in plasmonic photocatalysts is a promising way to 

improve photocatalytic activity. It is notable that the enhancement of photocatalytic 

activity could also attribute to the plasmon induced 2H-to-1T phase transition in MoS2 

monolayer [123, 124]. The phase transition of plasmonic MoS2 photocatalyst and its 

corresponding photocatalytic efficiency can be tuned by the wavelength and intensity of 

the incident laser [124]. These pioneering works pave the way for the development of 

MoS2-based plasmonic photocatalysis. 

3.4.5 Preparation of amorphous MoS2 

The photocatalytic activity of crystalline MoS2 (c-MoS2) is inhibited by the sparse active 

edge sites on the surface of MoS2 photocatalysts. Unlike crystalline MoS2, amorphous 

MoSx (a-MoSx) possess many unsaturated atoms or defects acting as the active sites for 

photocatalysis due to the highly disordered atomic arrangements [22]. Therefore, 

amorphous MoSx has recently been considered as an alternative photocatalyst to improve 

the photocatalytic hydrogen evolution activity [7, 125-127]. 

Wei et al. has firstly shown that amorphous MoSx has a promoting effect for photocatalytic 

hydrogen production [125]. This promoting effect can be ascribed to the existence of a 

large number of unsaturated S atoms which can adsorb hydrogen ions and further lead to 
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H2 production. The promoting effect of photocatalysis is also dependent on the loading 

amount of MoS2. At the optimum MoS2 loading amount (0.6 wt%), the hydrogen 

generation rate of MoS2/ZnIn2S4 nanocomponent is even higher than that of 1.0 wt% Pt 

loaded ZnIn2S4 under similar reaction conditions. In addition, it is reported that amorphous 

MoSx existed in the MoS2/ZnIn2S4 nanocomponent when the sample was calcinated at a 

lower temperature (i.e. 623K). The increasing calcination temperature could lead to a 

higher degree of MoS2 crystallinity and lower HER activity. The similar results have also 

been reported by Niefind et al. [127]. The as-prepared amorphous MoSx exhibited excellent 

thermal stability up to 350 °C. The crystallization process can be induced by heat treatment 

or exposure to an irradiation (e.g. electron beam of TEM) leading to a transformation of 

amorphous MoSx to 2H-MoS2. As shown in Figure 3.8, the as prepared amorphous MoSx 

exhibited considerably higher HER activity compared to their crystalline counterparts. 

 

Figure 3.8. HER activity of different photocatalysts. PX represents amorphous MoSx. PX150, 

PX450 and PX900 represents amorphous MoS2 heated to 150 °C, 450 °C and 900 °C, 

respectively. Commercial MoS2 (MoS2 bulk) and MoS2 prepared from (NH4)2MoS4 at 350 °C 

(MoS2_350) are taking as reference samples [127]. 

Yu et al. integrated amorphous MoSx on the surface of g-C3N4 (a-MoSx/g-C3N4) by an 

adsorption-in situ transformation method [126]. As shown in Figure 3.9a, the 
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photocatalytic H2 production activity of all a-MoSx/g-C3N4 samples are higher than that of 

crystalline MoS2 modified sample and pristine g-C3N4. The optimal HER activity was 

achieved when the weight ration of Mo to g-C3N4 was 5 wt%. It has been demonstrated 

that the unsaturated S atoms in molybdenum sulfide material can be classified into terminal 

S2-, apical S2- and bridging S2
2- (Figure 3.9b) [128-130]. Due to the highly irregular atomic 

arrangement of amorphous MoSx, all existing unsaturated S atoms could contribute to the 

adsorption of H+ ions and eventually lead to a higher HER activity. Considering the 

different S-bonding configurations, Yu et al. deduced that apical S2- has better H+-

adsorption ability because of its lower coordination state. Moreover, owning to the small 

size of amorphous MoSx (2-4 nm), photogenerated charge carriers could transfer to the 

active sites rapidly to reduce the adsorbed H+ ions. However, the detailed atomic-scale 

structure and a deep insight into the mechanisms of amorphous MoSx-based photocatalysts 

are limited by lack of precise characterization methods. 

 

Figure 3.9. (a) HER activity of (1) g-C3N4, (2) a-MoSx/g-C3N4 (0.1 wt%), (3) a-MoSx/g-C3N4 

(0.5 wt%),(4) a-MoSx/g-C3N4 (1 wt%), (5) a-MoSx/g-C3N4 (3 wt%), (6) a-MoSx/g-C3N4 (5 wt%), 

and (7) c-MoS2/g-C3N4 (3 wt%). (b)The possible photocatalytic hydrogen production process. 

(Adapted from [126]) 
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3.4.6 Crystal face engineering 

It is reported that the excess sulfur has a positive effect on the photocatalytic activity of the 

pure flower-like 2H-MoS2 by affecting the preferential growth orientation of the crystal 

[131]. The ration of peak intensity, I002/I100, is increasing with the increasing feeding ration 

of S/Mo in the hydrothermal method, revealing a more complete growth of (002) plane 

than the (100) plane. Thereby, more active edge sites in the {100} facet are exposed. This 

corresponds to the photocatalytic studies of the degradation of methylene blue (MB). When 

the S/Mo ratio reaches 2.75, the MoS2 exhibits the highest MB degradation rate.  

This ‘facet effect’ also plays a key role in the performance of MoS2-based heterostructures. 

Different crystal faces at the interface of the heterostructure leads to the different 

efficiencies of carriers’ transmission. Zhang et al. compared the MB photodecomposition 

rates of MoS2 composited with {001} and {101} TiO2 facet [132]. The results indicate that 

the photocatalytic activity of MoS2/TiO2 (001) is 3.4 times higher than that of bare TiO2 

with exposed {001} facets. In contrast, the photocatalytic activity of MoS2/TiO2 (101) is 

only enhanced by 31% compared to that of bare TiO2 with exposed {101} facets. The 

higher photocatalytic activity of MoS2/TiO2 (001) is due to the effective face-to-face 

contact between MoS2 and the {001} facet of TiO2. This contact can facilitate the 

transmission of photo-induced carriers and result in a good separation efficiency of charge 

carriers. It is notable that the simple physical mixture of MoS2 and TiO2 [001] cannot 

improve the activity of pristine TiO2 [133]. Meanwhile, the {001} facet of TiO2 possess a 

more negative valence band edge potential than the {101} facet. Thus, the holes will 

transfer from the {101} facet to the {001} facet and subsequently move to the valence band 
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of MoS2 for organic degradation. Regulating the crystal faces to improve the photocatalytic 

performance is also reported in other studies [134].  

As for photocatalytic hydrogen production, Chen et al. [135] synthesized MoS2-CdS 

nanohybrids via a facile one-pot wet-chemical method involving the hot-injection 

procedure. An interesting phenomenon was reported that the single-layer MoS2 was 

selectively grown on the Cd-rich (0001) surface of wurtzite CdS nanocrystals. A large 

number of exposed edge sites and the formation of the p-n junction between MoS2 and CdS 

synergistically enhanced the photocatalytic hydrogen evolution. The H2 evolution rate of 

MoS2-CdS nanohybrids (1472 mol h-1 g-1) is 12 times higher than that of CdS (119 mol 

h-1 g-1).  

The influence of the crystal facet and the interface of the heterostructure on the 

performance of the photocatalyst are often neglected. However, a rational regulation of 

crystal faces is important for the fabrication of MoS2-based photocatalysts with high 

efficiency. 

3.4.7 Tuning the phase of MoS2  

It is well known that electrocatalytic HER activity of metallic MoS2 (i.e. 1T-MoS2) is 

generally superior to that of semiconducting MoS2 (i.e. 2H-MoS2) due to the large electron 

mobility in the 1T phase and the proliferated active sites of 1T phase in both basal plane 

and edges [22]. In the field of photocatalysis, however, suitable band alignment, interaction 

between MoS2 and other photocatalysts, and the light harvesting capacity also play a key 

role in the photocatalytic activity. 
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Bai et al. evaluated the phase effect on the photocatalytic degradation of RhB [77]. As a 

co-catalyst, 1T-MoS2 modified TiO2 exhibited superior photocatalytic activity than pristine 

TiO2 and 2H-MoS2 modified TiO2, suggesting a more efficient suppression of charge 

recombination by 1T phase. Maitra et al. explored the photocatalytic H2 generation activity 

of 1T-MoS2, 2H-MoS2 and nanocomposites of 2H-MoS2 with nitrogen-doped graphene 

[136]. It is reported that the H2 production rate of 2H-MoS2 is promoted with the coupling 

of nitrogen-doped graphene. However, the H2 production rate of nanocomposites based on 

the 2H-MoS2 is still lower than that of the single-layer 1T-MoS2 due to the good 

conductivity of 1T-MoS2 [137-139]. It is worth noting that the effect of MoS2 phases on 

the photocatalytic HER activity varies with different photo-harvesters when MoS2 is used 

as a co-catalyst. For instance, Chang et al. revealed that there is no evident enhancement 

of HER activity for 2H-MoS2 loaded TiO2 in comparison with bare TiO2 [140]. However, 

the HER activity dramatically improved for 1T-MoS2 loaded TiO2 system. The results are 

opposite when the photo-harvester is changed from TiO2 to CdS. The rate of H2 evolution 

for 1T-MoS2 loaded CdS (1563.6 mol h-1) is slightly lower than that of 2H-MoS2 loaded 

CdS (1658.5 mol h-1). The rates of H2 evolution for different nanocomposites are shown 

in Figure 3.10a and 3.10b. One of the possible reasons for this difference could be the 

smaller size of 2H-MoS2 sheet which can be more easily attached to the surface of CdS. 

The intimate contact between 2H-MoS2 and CdS facilitated the transfer of photogenerated 

charge carriers and improved the charge separation. Therefore, for the MoS2/CdS 

nanocomposite the 2H-phase MoS2 exhibited a better HER activity. One the other hand, a 

matching band alignment for each photocatalyst in the nanocomposite also plays an 

important role in the photocatalytic activity. The experimentally determined band energy 
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level of each component is illustrated in Figure 3.10c. As shown in Figure 3.10c, the 

conduction band minimum of single-layered 2H-MoS2 is more negative than that of TiO2. 

Thus, the photogenerated electrons would be difficult to transfer from the conduction band 

of TiO2 to the active sites of MoS2 for hydrogen production. In contrast, the electrical 

energy level of 1T-MoS2 is more positive than the conduction band of TiO2 leading to an 

efficient charge separation ability and better HER activity. However, the conduction band 

minimum (CBM) of CdS is more negative than both the CBM of 2H-MoS2 and 1T-MoS2. 

As a result, photogenerated electrons could be captured by both 1T-MoS2 and 2H-MoS2 

for further H2 reduction. This difference of band alignment could be the reason for the 

opposite HER performance obtained by the 1T- and 2H-MoS2 loaded TiO2 and CdS. This 

study indicates that 1T-MoS2, as a co-catalyst, may not always achieve superior 

performance in the field of photocatalysis. Moreover, 1T phase is a thermodynamically 

metastable polytype of MoS2, which could transform to the more stable 2H-MoS2 with a 

prolonged reaction time [77]. Therefore, efforts focused on the stability enhancement of 

1T-MoS2 could improve the practical application of 1T-MoS2 based photocatalysts. 
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Figure 3.10. Rate of H2 evolution of 1T- and 2H-MoS2 over (a) TiO2 and (b) CdS; (c) Band 

energy of 1T- MoS2, 2H-MoS2, TiO2 and CdS. 

3.4.8 Photosensitivity 

To further promote the visible-light activity, Gu et al. synthesized a core-shell structure 

(SSCN@MoS2) combined with MoS2 and self-sensitized carbon nitride (SSCN) for 

photocatalytic hydrogen production [141]. The morphology of prepared SSCN@MoS2 

microsphere is shown in Figure 3.11. Under visible light irradiation, not only the carbon 

nitride core can be excited, the triazine-based oligomer (TBO) dyes coated on the surface 
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of SSCN can also be activated and can inject electrons to the conduction band of the carbon 

nitride core. Subsequently, the electrons generated by the TBO dyes or carbon nitride core 

can transfer to the active sites of coated MoS2 on the microsphere surface to reduce protons. 

The solar-light harvesting property of surface dyes and active sites provided by MoS2 

synergistically improve the activity of H2 production.  It is demonstrated that the SSCN 

microsphere showed the highest H2 production rate compared to un-coated SSCN, standard 

g-C3N4@MoS2 and SSCN-P@MoS2 (no self-sensitization property). In addition, the 

synthesized SSCN@MoS2 sample showed no evident activity loss after three cycles (72 h) 

due to the dye recovery supplied by the triethanolamine in the solution. Although this study 

provides a new concept to enhance the activity of visible-light-driven HER, the post-

treatment of dye should be considered. 

 

Figure 3.11. The SEM image (a and b), TEM image (c and d), and HRTEM image (e) of 

SSCN@MoS2 

3.4.9 Photoelectrocatalysis 

Photoelectrocatalysis (PEC), via integrating electrochemistry and photocatalytic 

technology, has been identified as a superior candidate to debottleneck photocatalytic 

process [142]. The recombination of photogenerated charge carriers may be suppressed by 
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the external positive bias for the PEC system. Qi et al. reported on applying PEC to improve 

the photocatalytic activity of MoS2, the scheme was depicted in Figure 3.12 [143]. In this 

work, improved efficiency of charge transfer was measured via applying external bias. In 

addition, MoS2-SiC hybrid structure was also tested and exhibited high PEC performance 

for hydrogen evolution [144]. Though not too much work about MoS2-base PEC was 

reported, PEC can be regard as a promising approach to improve the photocatalytic 

performance of the MoS2-based systems. 

 

Figure 3.12. Scheme of photoelectrocatalysis with MoS2 on FTO as photoanode and Pt as 

photocathode. (Adapted from [143]) 

3.4.10 Separation strategy 

As previously mentioned, MoS2-based photocatalysts have shown great potential in many 

fields. However, their practical applications are hindered by the difficult process of 

photocatalyst recycling from reaction media. Conventional approaches of heterogeneous 

photocatalyst separation and recovery generally involve filtration or centrifugation steps, 

which are limited by the small size of photocatalysts. The emergence of magnetically 
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separable nanoparticles offers a promising way to solve this problem [145-147]. Magnetic 

separation can achieve photocatalyst recycling by applying an appropriate external magnet 

on the magnetic component in the nanostructure. This approach could not only meet the 

requirement of sustainable use of the precious catalysts, but also reduce the aggregation 

and loss of photocatalysts during the conventional separation process [148]. Some 

magnetic components can act as magnetic carriers for magnetic separation, and also 

enhance the generation and separation of photo-induced charge carriers [149, 150]. For 

example, a possible Z-scheme photocatalyst system, Fe3O4@MoS2/Ag3PO4 was prepared 

by Guo and co-workers [150]. It is reported that Fe3O4@MoS2/Ag3PO4 exhibited 

considerable durability relative to pure Ag3PO4 in the recycle test. After 5 repeated cycles, 

the photocatalytic degradation efficiency of RhB only reduced by 4% in the present of 

Fe3O4@MoS2/Ag3PO4. However, the photocatalytic degradation efficiency of pure 

Ag3PO4 reduced more than 30% after 5 cycles. The enhanced reusability of 

Fe3O4@MoS2/Ag3PO4 could be ascribed to the inhibition of Ag3PO4 photocorrosion by the 

incorporation of MoS2. A nearly 100% collection of the photocatalysts provided by 

magnetically recoverable Fe3O4 may also contribute to the good photocatalytic 

performance. Additionally, Fe2+ and Fe3+ in the Fe3O4 could capture the photogenerated 

electrons to further improve the separation of charge carriers and result in enhanced 

photocatalytic performance. Liu et al. integrated α-Fe2O3 with N-doped MoS2 via 

hydrothermal method [88]. It is indicated that the incorporation of α-Fe2O3 has negligible 

influence on the photocatalytic performance of N-doped MoS2. Due to the strong magnetic 

properties, the as-prepared α-Fe2O3@N-doped MoS2 heterostructures can be separated 
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from the suspension system in 10s (see Figure 3.13). According to these studies, 

magnetically separable photocatalysts show great potential in practical applications.  

 

Figure 3.13. Magnetic separation of α-Fe2O3@N-doped MoS2 heterostructures exposed to 

external magnetic field in 10 seconds. (Adapted from [88]) 

3.5 Concluding remarks and outlook 

As a visible light-responsive photocatalyst, MoS2 and MoS2-based photocatalysts have 

been extensively studied in many fields, such as hydrogen production, environmental 

remediation, and photosynthesis. However, the rapid recombination of photogenerated 

carriers, limited active edge sites and difficulties in photocatalyst recycling are the main 

obstacles that hinder the practical application of MoS2-based photocatalysts. The 

corresponding approaches to overcome these obstacles are discussed to fabricate highly 

efficient and stable MoS2-based photocatalysts. Although many efforts have been devoted 

to enhancing the photocatalytic activity, the in-depth understanding of mechanisms is still 

limited based on the work reported. From a practical point of view, the development of 

MoS2-based photocatalysts is still in its infancy. For example, current studies required 

diverse sacrificial reagents to achieve H2 evolution, which implied a higher cost in practical 

applications. For environmental remediation, studies of mechanical strength, antifouling 
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properties and surface chemistry of prepared samples are still lacking. However, all of these 

are important for the proper evaluation of their behaviors in real applications. Although a 

few preliminary reports have studied the effect of morphology on the photocatalytic 

activity, the insights of this effect on edge sites, adsorption capacity, surface properties (e.g. 

defects and surface charge) and other factors still need to be explored. Additionally, 

combining the photocatalytic reactor design and utilizing simulated solar light in the 

current studies may facilitate the commercialization progress of MoS2-based 

photocatalysts. In conclusion, the unique properties of MoS2-based photocatalysts and their 

good performance in different applications suggest them to be a promising earth-abundant 

photocatalyst. 
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Abstract 

The recent emergence of layered MoS2, which is an earth-abundant material, has gained 

increasing attention in various fields. In this work, MoS2 is fabricated via a simple 

hydrothermal method with different sulfur precursors. The effect of S source on the 
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morphologies and adsorption capacities of Rhodamine B (RhB) onto MoS2 were 

investigated. The results indicated that the MoS2 prepared by CH4N2S exhibited the highest 

adsorption capacity. The N2 sorption isotherm indicated that the as-prepared MoS2-

CH4N2S is a mesoporous microsphere. In addition, the adsorption process can be well 

described by the Langmuir isotherm model and the pseudo second-order model. The intra-

particle diffusion model was also employed to analyze the adsorption mechanisms, which 

demonstrated that the intra-particle diffusion within the mesopores played an important 

role in the overall adsorption process. Based on these results, MoS2-CH4N2S obtained in 

this work can be served as a promising candidate for dye removal in wastewater. 

4.1 Introduction 

Synthetic dyes, a type of carcinogenic compound, are major components in industrial 

wastewater due to their extensive applications in textiles, paper, cosmetics and food. As 

estimated, approximate 0.7 to 1 million tons of dyes are produced annually [1]. However, 

over half of the annual dye production is discharged to the environment via effluent or lost 

during the dying process, which has generated increasing ecological concerns [2]. These 

dyes not only severely affect the aesthetic qualities of water, but also raise an enormous 

risk to aquatic organisms and human health. Specifically, the photosynthesis process is 

hindered by the highly visible property of dyes. As a result, it will cause some problems to 

aquatic organisms due to low oxygen content and poor sunlight penetration. The toxicity 

and carcinogenicity of dyes and their degraded products also have a great impact on living 

organisms [3]. Moreover, it is reported that dyes could hinder the efficiency of some water 

treatment processes, such as ultraviolet disinfection [4]. The growing dye contaminated 

water could also accelerate clean water shortages. 
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Without appropriate treatment, organic dyes may remain in the water for a long time due 

to their refractory chemical structures (e.g. benzene ring) of organic dyes. Therefore, a 

variety of methods have been developed for the removal/decomposition of organic 

contaminants, such as adsorption [5], coagulation [6], electrocoagulation [7], 

biodegradation [8] and advanced oxidation process (AOP) [9-13]. Each method, however, 

possesses its own advantages and disadvantages. Among them, adsorption has been widely 

used due to its easy operation, cost-effectiveness and high efficiency [14]. 

It is well known that design and fabrication of adsorbent with advantageous properties such 

as large adsorption capacity, high adsorption rate, easy operation for adsorbent collection 

and separation, good reusability, and cost-effectiveness is of great significance [15]. The 

emergence of layered-MoS2 has recently gained increasing attention due to its unique 

physical and chemical properties [16, 17]. It has been widely used in the fields of hydrogen 

production [18], photocatalysis [19], solid lubricants [20], electrochemical devices [21], 

etc. Layered MoS2 also exhibited great potential in the field of adsorption, due to its high 

specific surface area [22], suitable active edge sites for adsorption [15, 23], and economic 

feasibility (earth-abundant material) [24]. In addition, the morphologies and number of 

layers of MoS2 is tunable via controlling the preparation methods to expose more active 

edge sites for adsorption [22, 24-26]. Recently, the hierarchical architectures of MoS2 have 

exhibited great adsorption properties. For example, Fang et al. reported that flower-liked 

MoS2-glue sponge obtained by a hydrothermal method had a 127.39 mg/g adsorption 

capacity towards RhB [15]. Song et al. demonstrated that MoS2 nanosheets prepared by 

the similar method had around 81.25 mg/g adsorption capacity towards RhB [22]. 

Although the similar hydrothermal methods were employed in these works, distinct results 
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were obtained. This may be resulted from different precursors used in the synthesis process 

[27, 28].  

Hence, MoS2 prepared by a hydrothermal method with different sulfur (S) precursors were 

reported in this work. The adsorption capacities and morphologies of corresponding MoS2 

samples were compared and discussed. Moreover, different adsorption isotherm models 

and adsorption kinetic models were applied to analyse adsorption data. The possible 

adsorption mechanisms were also studied. The results indicated that the S sources used in 

the synthesis methods significantly influenced the morphologies and adsorption capacities 

of products. It is hoped that this work could address the importance of choosing synthesis 

precursors in the fabrication of adsorbents and also shed light on the importance of 

addressing the adsorption in future photocatalysis or other applications. 

4.2 Experimental 

4.2.1 Adsorbent preparation 

All chemicals were purchased from Fisher Scientific and used as received unless 

mentioned otherwise. MoS2 was synthesized via a simple hydrothermal method as reported 

elsewhere with minor modification [27]. In this method, 0.5 g of Na2MoO4•2H2O and 0.7 

g of CH4N2S (S source) is firstly mixed and dissolved in 70 mL ddH2O (deionized, distilled 

water) followed by magnetic stirring for 25 min. Then, 0.47 g of citric acid (C6H8O7) was 

added to adjust the pH value of the solution and magnetically stirred for another 10 min 

before transferring into a 100-mL Teflon-lined stainless steel autoclave (Parr Instrument 

Company). The autoclave was heated at 200 °C for 21 h. The resulting black precipitates 

were washed by ddH2O and ethanol for several times and dried at 60 °C for 12 h. In order 
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to test the effect of S source on the adsorption performance, MoS2 was also synthesized by 

Na2S, C2H5NS, and (NH4)2S, respectively using the same methodology as described above.  

4.2.2 Characterization of the adsorbent 

A field-emission scanning electron microscope (FE-SEM, JEOL JSM-7500F) was used to 

observe morphologies and structures of the samples. The N2 sorption isotherms were 

obtained by automatic adsorption apparatus and measurement systems (ASAP 2020, 

Micromeritics and Nova 4200E, Quantachrome) to investigate the surface area, pore 

structure and pore size distribution. The Brunauer, Emmett and Teller (BET) surface area 

of the samples were obtained using multi-point estimation. Pore volume distributions were 

calculated using the N2 desorption branch, and the Barrett-Joyner-Halenda (BJH) method 

was applied for the desorption branch to calculate the pore size data (dp) using Equation 1 

(where V/As is a ratio of volume to surface area of pores) as follows, 

4p

s BJH

V
d

A

 
  

 

 
Equation 1 

4.2.3 Adsorption studies 

Batch experiments with respect to S source and initial RhB concentration were performed 

to test the adsorption process of RhB onto MoS2 under different conditions. For the 

equilibrium study of adsorption, 0.01 g MoS2 was dispersed in 100 mL of RhB solution at 

a specific concentration. The mixture was continually stirred at 20 °C for 2 hr to reach 

adsorption/desorption equilibrium. The residual concentration of RhB solution was 

measured by a UV-vis spectrophotometer (Genesys 10 UV, Thermo Scientific). The 
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quantity of RhB adsorbed on MoS2 was calculated by mass balance as shown in Equation 

2 [26, 29] and the removal rate of RhB was determined using Equation 3: 

   
0 0t t

t

dosage

C C C C
q V

W C

 
    Equation 2 

 
0

0

Removal(%) 100
t

C C

C


   Equation 3 

Where, qt is the pollutant concentration in solid phase at time t (mg/g); C0 is the initial 

pollutant concentration (mg•L-1) in the solution (liquid phase); Ct is the pollutant 

concentration at time t (mg•L-1) in the solution (liquid phase); V is the volume of pollutant 

solution (L); W is the weight of adsorbent (g); and Cdosage is the initial adsorbent dosage 

(g/L). 

For adsorption kinetics, the RhB concentration in solution and the quantity adsorbed on 

MoS2 is monitored at different time intervals. The pseudo first- and second-order models 

were employed to study the kinetics. The intra-particle diffusion model was applied to 

study the mechanisms of adsorption. 

4.3 Results and discussion 

4.3.1 Effects of precursors 

It is reported that the morphologies and corresponding properties of nanomaterials may be 

varied with precursors used in the synthesis method [27, 28]. Morphologies of MoS2 

prepared by different S sources were investigated using SEM, as shown in Fig. 4.1. It can 

be found that morphologies as well as particle sizes were moderately different. Hierarchical 
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microspheres were formed when (NH4)2S, Na2S and CH4N2S were used as S sources. 

Instead, large bulks composed of small particles were formed when C2H5NS was used as 

the S source. As for the microspheres, the sizes were extremely different. Specifically, 

microspheres with sizes of 2 - 3 μm were formed when (NH4)2S was used, and the sizes of 

MoS2 microspheres prepared by Na2S and CH4N2S were 100 – 300 nm, and 200 – 400 nm, 

respectively. Even though MoS2 prepared by Na2S were with smaller sizes, MoS2 prepared 

by CH4N2S were composed of more wrinkles. Adsorption of RhB on different MoS2 was 

tested and shown in Fig. 4.2. It can be found that the adsorption capacities have the 

following trend: MoS2-CH4N2S > MoS2-Na2S > MoS2-comercial > MoS2-C2H5NS > 

MoS2-(NH4)2S. Therefore, the following experiments were carried out using MoS2-

CH4N2S and referred to as MoS2 unless mentioned otherwise. The good adsorption 

capacity of MoS2-CH4N2S may be attributed to the higher degree of wrinkling (Fig. 4.1) 

as well as the pore structure (Fig. 4.3) [30].  

N2 sorption isotherm was obtained to measure the BET surface area and porous structure 

of prepared MoS2-CH4N2S. As shown in Fig. 4.3, the N2 adsorption-desorption isotherm 

can be assigned as type IV (a), suggesting the existence of a mesoporous structure [31]. 

The hysteresis loop is an H3 loop, which may be attributed to the plate-like MoS2 particles 

with the slit-shaped pores and capillary condensation in the mesopores [26]. This result is 

consistent with the morphology of MoS2-CH4N2S observed in SEM images. In addition, 

the calculated BET surface area of hierarchical MoS2-CH4N2S particle was 72.0 m2/g, 

indicating abundant sites for RhB adsorption. 
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Figure 4.1. SEM images of MoS2 prepared with different S precursors: (a) (NH4)2S, (b) Na2S, 

(c) C2H5NS and (d) CH4N2S. 
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Figure 4.2. The amount of adsorption at equilibrium of RhB with initial concentrations of 1 – 

30 mg/L on MoS2, purchased and prepared with different S sources. (T = 293.15 K, dose: 0.1 g 

adsorbent/ 100 mL solution) 

 

Figure 4.3. N2 sorption isotherms for MoS2 (SBET = 72.0 m2/g). (Inset: Pore size distribution for 

MoS2) 
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4.3.2 Effects of contact time and initial RhB concentration 

The effect of contact time on the adsorption capacity is depicted in Fig. 4.4a. For all initial 

concentrations, the RhB adsorption rate was rapid at the beginning and gradually decreased 

as contact time increased. This may be attributed to the change in concentration, which is 

the driving force, and available adsorption sites [32, 33]. The required time to reach 

equilibrium increased from 5 to 120 min when the initial RhB concentration increased from 

1 to 40 mg/L. In addition, the equilibrium adsorption capacity increased with initial RhB 

concentration and increased from 0.02 to 26.18 mg/g when the initial RhB concentration 

increased from 1 to 40 mg/L. The possible reason for this could be that the higher RhB 

concentration generates larger mass transfer as for the larger driving force resulted from 

the larger difference in concentrations between the bulk solution and the adsorbent, which 

would facilitate the transportation and adsorption of RhB molecules onto the active sites 

of MoS2 [34]. Fig. 4.4b indicated the effect of initial RhB concentration on the RhB 

removal ratio. The removal ratio remained steady when the initial RhB concentration 

varied from 1 to 10 mg/L. However, as observed in Fig. 4.4b, the removal ratio decreases 

when the initial RhB concentration is larger than 10 mg/L. This may be attributed to the 

saturation of active sites [35, 36]. As a result, RhB with an initial concentration lower than 

10 mg/L favors the removal efficiency of RhB by MoS2. 
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Figure 4.4. (a) Effect of contact time and initial RhB concentration on the adsorption of RhB 

by MoS2 (b) Effect of initial RhB concentration on the dye removal efficiency at equilibrium. 

(a) 

(b) 
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4.3.3 Isothermal studies 

The Langmuir isotherm, Freundlich isotherm, Temkin isotherm, and Dubinin-

Radushkevich isotherm were used to analyze the adsorption process (Fig. 4.5). The validity 

of the isotherm models can be determined by their linearized plots. The regression 

coefficient (R2) is used as a criterion to compare the fitness of each model. 

 

Figure 4.5. Fittings of equilibrium data to various adsorption isotherms 

The linear form of Langmuir isotherm is expressed as the following (Equation 4): 

0 0

1
e e

e

C C

q bQ Q
   Equation 4 
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Where, Ce (mg/L) and qe (mg/g) are the equilibrium concentration of adsorbate in liquid-

phase and solid-phase, respectively; Q0 (mg/g) is the maximum monolayer coverage 

capacity of adsorbent; and b (L/mg) is the Langmuir adsorption constant. The favourability 

of the adsorption process can be estimated by a dimensionless constant, RL, which is 

expressed as Equation 5 [36, 37]: 

0

1

1
L

R
bC




 Equation 5 

For the initial concentration of RhB solution ranging from 40 mg/L to 1 mg/L, the values 

of RL varied from 0.014 to 0.354. This range is between 0 ~ 1, which indicated that the 

adsorption process is ‘favorable’. 

The Freundlich isotherm is given by the following equation (Equation 6): 

1
log log log

e F e
q K C

n
   Equation 6 

Where KF (mg/g) is a constant to describe the sorption capacity, and n is a constant 

representing the favourability of the sorption system [37, 38]. In this work, the value of n 

is larger than 1 (n = 3.74), which indicated favorable adsorption of RhB onto MoS2 [39].  

The Temkin isotherm is described by the following equations (Equations 7 and 8): 

ln ln
e T e

q B A B C   Equation 7 

T

RT
B

b
  Equation 8 
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Where, bT is the Temkin isotherm constant (J/mol); R is the universal gas constant (8.314 

J mol-1 K-1); T is temperature (K); AT is the Temkin isotherm equilibrium binding constant 

(L/g); and B is the constant related to heat of adsorption  

The Dubinin-Radushkevich (D-R) isotherm is expressed as the following (Equations 9, 10 

and 11) [36, 39]: 

2
ln ln

e s
q q    Equation 9 

1
ln 1

e

RT
C

  
 
 
 

 Equation 10 

1

2
E


  Equation 11 

Where qs is the theoretical isotherm saturation capacity (mg/g); β is the D-R isotherm 

constant with a dimension of energy, ε is the Polanyi potential; and E is the mean adsorption 

energy (kJ/mol). From the isotherm plot, the theoretical isotherm saturation capacity was 

obtained to be 126.17 mg/g. The calculated mean adsorption energy was lower than 8 

kJ/mol (E = 5 kJ/mol), suggesting a physisorption process [40]. 
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Table 4.1. Summary of isotherm parameters 

Isotherms Constants MoS2 

Langmuir Q0 (mg/g) 136.99 

 b (L/mg) 1.83 

 R2 0.995 

Freundlich n 3.74 

 KF (L/g) 67.33 

 R2 0.707 

Temkin B 15.38 

 AT (L/g) 247.91 

 bT (J/mol) 158.36 

 R2 0.907 

D-R qs (mg/g) 126.17 

 E (kJ/mol) 5 

 R2 0.875 

The various isotherm constants are summarized in Table 4.1. According to the regression 

coefficients, Langmuir isotherm model best described the adsorption data, which implied 

that monolayer adsorption with uniform adsorption energies may occur in the RhB-MoS2 

system. However, a uniform distribution of bounding energy rather than a uniform 

adsorption energy may also take place in the RhB-MoS2 system, because the regression 

coefficients for the Temkin isotherm model is relatively high (R2 = 0.9069). As shown in 

Fig. 4.5, when the concentration of RhB at equilibrium was within the range of 5 ~ 10 

mg/mL, Temkin isotherm model fits much better compared to Langmuir isotherm model. 

This phenomenon may be due to that the Temkin isotherm is valid for an intermediate 

range of ion concentration, and RhB is a positively charged dye and can be regarded as 

positive ions [41]. Similar result was also reported on adsorption of methylene blue which 

is also a positively charged dye [42]. The mean adsorption energy (E = 5 kJ/mol) 
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determined by the D-R isotherm model indicated that the type of RhB adsorption onto 

MoS2 may be physisorption [40]. The calculated maximum monolayer coverage capacity 

from Langmuir isotherm was 136.99 mg/g. Comparison of maximum adsorption capacities 

of RhB for some other reported adsorbents were shown in Table 4.2. It can be seen that 

MoS2 prepared in this work exhibited higher adsorption capacity. 

Table 4.2. The reported maximum monolayer coverage capacity of RhB onto other adsorbents 

Adsorbents Q0 (mg/g) Conditions Ref. 

Kaolinite 46.08 303K, 1 atm [43] 

Fe3O4/Al pillared bentonite 62.15 298K, 1 atm [44] 

Iron-pillared bentonite 98.62 298K, 1 atm [45] 

Zn/Co-carbon composite 101.93 300K, 1 atm [46] 

MoS2 136.99 293K, 1atm This study 

 

4.3.4 Adsorption kinetics 

In order to study the adsorption mechanism and possible rate limiting steps, the pseudo-

first order and pseudo-second order models were used to fit the experimental data with 

different initial RhB concentrations. The fitness of the two kinetic models can be checked 

by the correlation coefficient (R2). 

The pseudo first-order kinetic model is expressed by the following equation (Equation 12): 
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1

ln ln
e t e

q q q k t    Equation 12 

Where, k1 denotes the rate constant of the pseudo first-order adsorption (min-1). 

The linear form of the pseudo second-order kinetic model is expressed as follows (Equation 

13): 

2

2

1

t e e

t t

q k q q
   Equation 13 

Where, k2 is the rate constant of the pseudo second-order model (g mg-1 min-1). 

The plots of pseudo first-order model and second-order model are shown in Fig. 4.6 and 

the kinetic parameters are listed in Table 4.3. For all concentrations, the linear regression 

correlation coefficient (R2) for pseudo second-order was much higher than that of pseudo 

first-order, indicating better fitness using the pseudo second-order model. This implied that 

the extremal film diffusion may not be the rate-limiting step for the RhB adsorption onto 

MoS2 [47, 48]. Moreover, the calculated values of qe by the pseudo second-order model 

were analogous to the corresponding experimental values. Therefore, the pseudo second-

order model is more appropriate to describe the RhB adsorption onto MoS2. 
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Figure 4.6. (a) Pseudo first-order and pseudo second-order plots for uptake of RhB onto MoS2 

data with different initial RhB concentrations 

(a) 

(b) 
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Table 4.3. Kinetic parameters of pseudo first- and second-order models 

Co 

(mg/L) 

qe,exp 

(mg/g) 

Pseudo first-order model Pseudo second-order model 

k1 (min-1) 

qe,cal 

(mg/g) R2 

k2 

(g mg-1 min-1) 

qe,cal 

(mg/g) R2 

1 8.836 0.328 4.191 0.8775 0.569 8.881 1.0000 

2 19.168 0.143 8.780 0.9427 0.055 19.531 0.9999 

5 48.013 0.080 17.904 0.9417 0.013 48.780 0.9999 

8 67.181 0.059 46.530 0.9901 0.003 70.922 0.9997 

10 80.972 0.071 47.808 0.9686 0.003 84.034 0.9997 

15 102.758 0.064 114.767 0.9577 0.001 111.111 0.9989 

20 109.864 0.062 101.099 0.9434 0.001 116.279 0.9985 

25 129.406 0.046 67.654 0.9767 0.001 135.135 0.9998 

30 132.959 0.039 62.916 0.9626 0.001 138.889 0.9998 

40 136.699 0.037 68.820 0.9525 0.001 142.857 0.9996 

4.3.5 Adsorption mechanism 

As discussed above, the extremal film diffusion may not be the rate-limiting step for the 

RhB adsorption onto MoS2. As a result, the intra-particle diffusion model, which is 

commonly used for a rapidly stirred batch reactor system, was employed to further 

investigate the adsorption mechanism [32, 49]. The model is defined as Equation 14: 

1/2

t ip i
q k t C   Equation 14 

Where, kip (mg g-1 min-1/2) is the intra-particle diffusion rate constant; and the value of the 

intercept Ci reflects the boundary thickness. A larger Ci indicates a greater boundary layer 

effect [50]. 
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Generally, the adsorption diffusion model includes three steps - external mass transport, 

intra-particle diffusion, and adsorption of adsorbate on the interior surface site of 

adsorbents [51]. The overall rate of adsorption may be controlled by one of the steps or a 

combination of more steps [52]. If the plot of qt versus t1/2 is a sole straight line and passes 

through the origin, then the intra-particle diffusion is rate-liming [53]. However, multi-

linear plots were observed in Fig. 4.7 and none of them passed through the origin. This 

indicated that intra-particle diffusion is not the sole rate-limiting step and multiple steps 

may be involved in the adsorption process of RhB onto MoS2. For the group with the initial 

RhB concentration of 2 mg/L, the first portion and second portion could be assigned to the 

intra-particle diffusion steps and the final equilibrium stages, respectively. For the other 

concentrations, the adsorption process tends to be divided into three stages. The initial stage 

is generally associated with the external mass transport [53, 54]. Then, the next two stages 

are the intra-particle diffusion of the adsorbates within the pores followed by the 

adsorption-desorption equilibrium. All the relevant parameters are listed in Table 4.4. 

According to the values of intra-particle diffusion rate constant (k) and C, the intra-particle 

diffusion played an important role in the overall adsorption process for all groups. 
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Figure 4.7. Plots of intra-particle diffusion model for RhB uptake onto MoS2 with different 

initial RhB concentrations 

Table 4.4. Kinetic parameters for intra-particle diffusion model 

C0 

(mg/L) 

ki1 

(mg g-1 

min-1/2) C1 R2 

ki2 

(mg g-1 

min-1/2) C2 R2 

ki3 

(mg g-1 

min-1/2) C3 R2 

2 1.813 11.648 0.914 0.205 17.887 0.908 - - - 

5 6.754 18.103 0.999 1.303 39.570 0.965 0.221 45.994 0.826 

8 9.287 14.792 1.000 4.186 35.817 0.992 0.365 63.313 0.933 

10 12.967 16.358 0.997 3.429 55.984 0.968 0.155 79.355 0.614 

15 10.887 28.453 0.998 6.017 50.478 0.990 0.349 99.037 0.842 

20 7.896 51.017 0.991 5.272 62.576 0.992 0.178 107.930 0.977 

25 12.893 46.629 0.987 2.571 104.600 0.912 0.784 120.820 1.000 

30 12.997 47.847 0.994 2.729 105.380 0.981 1.564 115.760 0.976 

40 12.820 50.727 0.995 2.905 105.740 0.970 1.367 121.630 0.936 

Co = 5 mg/L 

Co = 8 mg/L 

Co = 10 mg/L 

Co = 15 mg/L 

Co = 20 mg/L 

Co = 40 mg/L 
Co = 30 mg/L 
Co = 25 mg/L 
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4.4 Conclusion 

Different S sources were used to synthesize MoS2 via a simple hydrothermal method. 

According to the TEM images, SEM images, and batch experiment for the adsorption study, 

different morphologies and adsorption capacities were obtained by using different S 

sources. The hierarchical MoS2 microspheres prepared by CH4N2S exhibited the highest 

adsorption capacity among all the samples. The N2 sorption isotherm indicated that the as-

prepared MoS2-CH4N2S is mesoporous microsphere with a BET surface area of 72.0 m2/g. 

For RhB uptake onto MoS2, the Langmuir isotherm model best described the adsorption 

data and the calculated maximum monolayer coverage capacity is 136.99 mg/g. Meanwhile, 

the mean adsorption energy (E = 5 kJ/mol) determined by D-R isotherm model suggested 

that the type of RhB adsorption onto MoS2 may be physisorption. The pseudo first- and 

second- order models were applied for the adsorption kinetic study. It indicated that the 

pseudo second-order model is more suitable to describe the RhB adsorption onto MoS2. 

Moreover, the intra-particle diffusion model was also employed to analyze the adsorption 

date, which demonstrated that the intra-particle diffusion within the mesopores played an 

important role in the overall adsorption process. Therefore, MoS2-CH4N2S obtained in this 

work can be served as a promising candidate for dye removal in wastewater. In addition, 

this work may shed light on the importance of addressing the adsorption in photocatalysis 

for future applications. 
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Abstract 

A Z-scheme heterostructure, few-layer MoS2/Bi2MoO6, was synthesized and exhibited 

excellent photocatalytic activity in oxidation of organics and inactivation of bacteria in 

water under visible light. Layered MoS2 with a thickness of ~1nm were successfully 

deposited on the surface of Bi2MoO6 hierarchical microspheres. Compared with the MoS2 

bulk, the band gap of layered MoS2 is widened, which is in favor of the separation of 

photogenerated charge carriers. After the introduction of MoS2, the photocurrent density 

was greatly improved on Bi2MoO6 electrode under visible light. This indicates that the 

recombination of photogenerated h+/e- was effectively suppressed with the modification of 

MoS2 nanosheets. Correspondingly, the photocatalytic oxidation activity in both the 

decomposition of organics in water and the inactivation of bacteria was enhanced. Possible 

mechanisms were proposed and discussed. This work sheds a light on the importance of 

applying layered MoS2 to improve the oxidation activity of a photocatalyst under visible 

light. 

5.1 Introduction 

With the global economic growth in recent times, the treatment of tremendous pollutants 

has become a global priority. Compared with other technologies, photocatalysis has 

become a superior technology in environmental remediation due to its facile reaction 

conditions, eco-friendly performance and lack of toxic by-products [1, 2]. Among recently 

developed photocatalytic materials, noble-metal-free MoS2 has attracted increasing 

attentions in the field of organic pollutant decomposition [3-10], inorganic pollutant 

treatment [11, 12], and photocatalytic disinfection [13, 14]. The major merits of these two-
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dimensional (2D) nanosheets include (1) a suitable band gap for harvesting visible light, 

(2) high conductivity for photogenerated charge carriers, and (3) low cost as an earth–

abundant material. However, the rapid recombination of photogenerated electron-hole 

pairs, limited quantity of active edge sites, and difficult photocatalyst separation and 

recycling hinder the practical application of this material. As a result, a rational design of 

a heterostructure by using MoS2 as a co-catalyst in the nanocomposite may improve the 

light adsorption capacity and charge separation efficiency of the prepared photocatalysts 

[13, 15-18]. 

As a transition metal dichalcogenide (TMD), MoS2 has attracted extensive attention [19-

24]. For layered MoS2, it not only exhibited graphene-like properties, such as good 

electronic conductivity [25-27]. In addition, it exhibits semiconducting properties and has 

a relatively narrow band gap [28-30]. Kuc et al. reported on the electronic band structures 

of MS2 (M = Mo and W) using the first-principle theory [31]. It was found that the band 

gap for Bulk MoS2 is 1.2 eV, and it increased to 1.9 eV for a monolayer MoS2. Moreover, 

the band gap transition was changed from indirect to direct transition. All these changes 

are beneficial to improving the photocatalytic activity. As the band gap is still too narrow 

for photocatalysis, since photogenerated charge carriers are easily recombined, MoS2 are 

mostly applied as a co-catalyst (electrons transporter) in photocatalysis. 

Bi2MoO6 has been widely studied and is considered a promising visible-light-responsive 

photocatalyst due to its relatively narrow band gap (~2.63 eV) [32-35]. However, the fast 

charge recombination is the major obstacle of this material to be used in practice. In order 

to solve this problem, modifications of Bi2MoO6 with a co-catalyst, such as MoS2, may 

generate a positive synergetic effect and lead to an enhanced photocatalytic activity. 
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Hierarchical MoS2/Bi2MoO6 composites have been prepared via a solvothermal method 

and showed an enhanced photocatalytic activity [36]. However, the limited active sites on 

the surface of MoS2 may be partially blocked by the Bi2MoO6 nanoflakes. In addition, the 

relatively large MoS2 loading quantity could potentially reduce the light absorption of 

Bi2MoO6 due to the black body of MoS2 [13]. 

In this work, a simple bath evaporation method was applied to fabricate a heterostructure 

of layered MoS2 deposited on Bi2MoO6. Compared with pristine MoS2 and Bi2MoO6, a 

small MoS2 loading amount in the MoS2/Bi2MoO6 composites showed enhanced 

photocatalytic activity in both organics degradation and bacteria inactivation under visible 

light irradiation. Comprehensive characterizations of as-prepared samples were conducted, 

and results indicated that the enhanced photocatalytic activity may be attributed to the 

formation of a unique Z-scheme heterostructure between MoS2 and Bi2MoO6, leading to 

an efficient photogenerated charge separation. The mechanism was also explored and 

proposed. 

5.2 Experimental 

5.2.1 Preparation of Bi2MoO6 

All chemicals were purchased from Fisher Scientific unless otherwise mentioned, and used 

as received. Hierarchical Bi2MoO6 was synthesized via a facile solvothermal method. 

Specifically, 1.69 g of Bi(NO3)3•5H2O were mixed with 5 mL ethylene glycol under 

magnetically stirring (solution A). Subsequently, 0.42 g of Na2MoO4•2H2O were mixed 

with 5 mL ethylene glycol under magnetically stirring (solution B). Solution A and solution 

B were sequentially dropwise added to 20 mL ethanol, and magnetically stirred for 30 min. 
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The mixture was then transferred to a 45-mL Teflon-lined stainless-steel autoclave (Parr 

Instrument Company), heated up at 160°C for 20 h. and then naturally cooled down to 

room temperature. The resulting precipitates were filtered out and washed with ethanol and 

ddH2O (deionized, distilled water) for several times. Eventually, the samples were dried at 

60°C overnight. 

5.2.2 Preparation of few-layer MoS2-deposited Bi2MoO6 Composites 

MoS2/Bi2MoO6 composites were synthesised by a simple bath evaporation method with 

minor modifications [13]. A designed volume of MoS2 suspension (~0.25 mg/mL dispersed 

in H2O, Sigma-Aldrich) was ultrasonicated for 30 min prior to the synthesis of 

MoS2/Bi2MoO6 composites. Then, the above solution and 0.5 g of Bi2MoO6 were mixed 

with separate volumes of 7.5 mL hydrous ethanol (50% v/v of ethanol in ddH20). The MoS2 

solution was then dropwise added into the Bi2MoO6 solution, and the resulting suspension 

was heated at 60 °C and continually stirred until the solvent was completely evaporated. 

The samples were collected and dried at 60 °C overnight. Different MoS2 to Bi2MoO6 

weight ratios (0.02, 0.05 and 0.10 wt%) were synthesized and labeled as 0.02 Mo-Bi, 0.05 

Mo-Bi and 0.10 Mo-Bi, respectively. 

5.2.3 Characterization 

The morphology and structure of samples were observed using a field-emission scanning 

electron microscope (FE-SEM, JEOL JSM-7500F) and a transmission electron microscope 

(JEM-2100F FE-TEM (JEOL)). The TEM was also equipped with an Energy-dispersive 

X-ray spectroscopy (EDS). For AFM characterizations, diluted MoS2 suspension was 

carefully dropped onto a mica surface pre-treated by 5 mM NiCl2 and incubated at room 
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temperature for 20 min. Subsequently, the coated mica surface was carefully rinsed by 

filtered Milli-Q water and dried by pure nitrogen. The resulting samples were imaged using 

a Veeco Multimode AFM with NanoScope V controller (Bruker, Santa Barbara, CA) in 

Bruker’s ScanAsyst or PeakForce QNM modes. X-ray powder diffraction (Bruker-AXS, 

Karlsruhe, Germany) patterns of samples were collected with filtered Cu-Kα radiation ( 

= 1.5418 Å ) from 5°-90° (2θ). The Raman spectrum was collected at room temperature 

using HORIBA XploRATM Plus Raman Microscope with an excitation laser wavelength 

of 532 nm. An XSAM-800 X-ray Photoelectron Spectroscope (XPS) was employed to 

analyze the surface chemical composition and the chemical sates of selected samples. The 

optical properties of the samples were investigated by the UV-vis diffuse reflectance 

spectrometer (DRS). The Brunauer, Emmett and Teller (BET) surface area of the samples 

were calculated using multi-point estimation. The pore volumes were calculated using the 

volumes of adsorbed N2 at p/po = 0.9941. Pore volume distributions are calculated using 

the N2 desorption branch, and the Barrett-Joyner-Halenda (BJH) method was used for the 

desorption branch to calculate the pore size data (dp) using Equation 1 (where V/As is a 

ratio of volume to surface area of pores) as follows, 

4p

s BJH

V
d

A

 
  

 
 

Equation 1 

The photoluminescence (PL) spectra were measured using a fluorescence 

Spectrophotometer (F-4500, Hitachi) under excitation with a wavelength of 450 nm. 

Electrochemical properties of prepared samples were analyzed on a CHI 604E 

electrochemical analyzer (CH Instruments Inc., USA) with a platinum wire as a counter 

electrode, a calomel reference electrode and a working electrode. The working electrode 
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composed of indium tin oxide (ITO, 75 × 25 × 1.1 mm, 15 - 25 Ω, Sigma-Aldrich Canada 

Co.), glass coated with the prepared samples. Electrochemical impedance spectroscopy 

(EIS) was performed with frequencies in the range of 0 – 1,000,000 Hz and a sinusoidal 

wave of 5 mV. The photocurrent was also measured with an on-off lamp. The electrolyte 

used was Na2SO4 with a concentration of 0.05 mol/L. 

5.2.4 Electronic structure calculation 

The DFT simulations were performed using the Vienna ab initio simulation package 

(VASP) [37, 38]. The ion-electron interaction is described with the projector augmented 

wave (PAW) method [39]. Electron exchange-correlation is represented by the function of 

Perdew, Burke, and Ernzerhof (PBE) of generalized gradient approximation (GGA) [40]. 

A cut-off energy of 400 eV was used for the plane-wave basis set. The calculations were 

done on periodical supercells of 2H MoS2 monolayer and Bi2MoO6 with 6×6×1 and 6×6×2 

Monkhorst Pack k-point sampling, respectively. Models for Bi2MoO6 and 2H MoS2 

monolayer are depicted in Figure 5.1. An open-source software, p4vasp written by Orest 

Dubay has been used for the analysis of the Density of States (DOS). 
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Figure 5.1. Side view and top view of Bi2MoO6 and 2H-MoS2 monolayer models for DFT 

computations [41]. 

5.2.4 Photocatalytic activity testing 

The photocatalytic activity of pure MoS2, Bi2MoO6 and MoS2/Bi2MoO6 composites were 

investigated by photocatalytic degradation of RhB under visible light. The light source was 

provided by a 300-W halogen tungsten projector lamp (Ushio) equipped with a UV cut-off 

filter. For each experiment, 0.10 g photocatalyst was mixed with 100 mL RhB solution 

with an initial concentration of 10 mg/L. The mixture was magnetically stirred in the dark 

for 30 min to reach an adsorption/desorption equilibrium prior to the photocatalysis 

experiment. Afterwards, 1 mL aliquots were collected and centrifuged every 10 mins. The 

resulting supernatant was tested at 554 nm (characteristic absorption peak of RhB) by a 

UV-vis spectrophotometer (Genesys 10 UV, Thermo Scientific) to determine the 

concentration of RhB. The UV-vis adsorption spectra of resulting supernatant ranging from 

300-700 nm was also obtained by UV-vis spectrophotometer (Biochrom Ultrospec 60) to 
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analyze the photocatalytic degradation process of RhB. For stability test, 1 mL aliquots 

were collected and centrifuged every 30 min. After four cycling tests, the photocatalysts 

were collected, dried and characterized by XRD. In order to explore the role of major active 

oxidative species, a variety of scavengers were added into the photocatalysis system. 

Specifically, 0.1 M iso-propanol, 0.1 M EDTA and N2 bubbling were used to trap hydroxyl 

radicals (•OH), holes and superoxide radicals (•O2
-), respectively.  

5.2.5 Temporal course of inactivation 

Wild-type Escherichia coli K-12 (E. coli, TG1 strain) was used to evaluate the 

photocatalytic disinfection performance of prepared samples. Bacteria were cultured 

aerobically in Luria-Bertani medium (Difco LB broth, Miller; containing 10 g/L tryptone, 

5 g/L yeast extract, and 10 g/L NaCl) on a rotary shaker at 37 °C for 18 h until the stationary 

phase was reached. For the bacterial inactivation study, 0.1 g photocatalyst was mixed with 

bacteria in 100 mL saline solution and reached a final concentration of 106 CFU (colony 

forming units)/ mL. Before illumination, the suspension was magnetically stirred for 30 

min in the dark. After that, aliquots were collected every 10 mins and serially diluted in 

saline. The diluted samples were then spread onto solid LB agar plates using 25 L aliquot 

and incubated at 37 °C for 18 h. Bacterial enumeration was performed by standard plate 

counts to quantify viable and cultivable bacteria in unit of CFU/mL [42]. All experiments 

were performed in triplicate, and all materials were sterilized before use. 
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5.3 Results and discussion  

5.3.1 Morphologies 

The morphologies of MoS2, Bi2MoO6 and MoS2/Bi2MoO6 composites were observed by 

SEM, TEM, HRTEM and AFM. As shown in Figure 5.2a and 5.2b, the as-prepared 

Bi2MoO6 exhibited a flowerlike hierarchical structure with a size of ~4 m. With the 

modification of MoS2, small particles were covered on the surface of Bi2MoO6 (Figure 

5.2c and 5.2d). As shown in the TEM images (Figure 5.3), it can be observed that Bi2MoO6 

hierarchical microspheres consist of nanoplates (Figure 5.3a). The observed lattice fringes 

of Bi2MoO6 nanoplates in Figure 5.3a suggested the well-defined crystal structure of as-

prepared samples. A graphene shaped morphology was observed in the TEM image of 

MoS2 layers (Figure 5.3b). Moreover, the observed fringes with a lattice spacing of ca. 0.62 

nm in the HRTEM image of MoS2 (Figure 5.4b) corresponded to the (002) planes of 

hexagonal MoS2. The TEM images of MoS2/Bi2MoO6 composites (Figure 5.3c) illustrated 

that MoS2/Bi2MoO6 composites also exhibited flowerlike morphology with some MoS2 

nanoslices deposited on the surface. However some randomly stacked nanoplates were also 

observed (Figure 5.3c and 5.3d), which may be resulted from sonication treatment before 

TEM test [13]. The HRTEM image of MoS2/Bi2MoO6 composites (Figure 5.4c) exhibited 

fringes with a lattice spacing of ca. 0.62 and 0.31 nm, which can be assigned to the (002) 

planes of hexagonal MoS2 and (131) planes of orthorhombic Bi2MoO6, respectively. In 

addition, the intimate contact between MoS2 and Bi2MoO6 may further confirm the 

formation of heterostructure and favors charge separation and electron transfer [36, 43]. 

The composition of as-prepared Bi2MoO6 and MoS2/Bi2MoO6 composites were 

investigated by EDS, and the results are illustrated in Figure 5.4d. For pure Bi2MoO6, 
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elements of Bi, Mo and O were observed, and no impure elements were emerged. In 

comparison, a peak for sulfur was observed in the curve of MoS2/Bi2MoO6 composites, 

indicating the possible presence of MoS2 in the composites. To confirm the thickness of 

the MoS2 layers, AFM was employed and the results were depicted in Figure 5.5. The 

thickness of these nanosheets were measured to be around 0.96 - 1.25 nm which 

corresponds to the thickness of few-layered MoS2 [44, 45].  

 

Figure 5.2. SEM images of Bi2MoO6 in low (a) and high (b) magnification, and 0.05 Mo-Bi in 

low (c) and high (d) magnification. 
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Figure 5.3. TEM image of (a) Bi2MoO6, (b) MoS2, (c) and (d) 0.05 Mo-Bi at low and high 

magnification.  



120 

 

 

Figure 5.4. HRTEM image of (a) Bi2MoO6, (b) MoS2 and (c) 0.05 Mo-Bi; (d) EDS spectra for 

Bi2MoO6 and 0.05 Mo-Bi; 

  

Figure 5.5. (a) AFM image of MoS2 film, and (b) the thickness of the MoS2 layer from the 

AFM cross-sectional profile among the line indicated in (a). 

(a) 
(b) 
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5.3.2 Crystal structure and chemical states analysis 

The XRD patterns of as-prepared Bi2MoO6 and MoS2/Bi2MoO6 composites were obtained 

and shown in Figure 5.6. For pure Bi2MoO6, all diffraction peaks are well indexed to the 

orthorhombic phase of Bi2MoO6 (PDF card #: 72-1524) indicating a good crystallinity of 

prepared Bi2MoO6 sample. The hexagonal polytype layered crystals (2H) of MoS2 was 

verified by Raman spectroscopy (Figure 5.7). The peaks at 384, 405 and 457 cm-1 can be 

assigned to the in-plane E1
2g and out-of-plane A1g modes, as well as longitudinal acoustic 

phonon modes of 2H- MoS2. For XRD patterns of MoS2/Bi2MoO6 composites, no obvious 

differences can be found compared with the XRD pattern of pure Bi2MoO6. This is 

probably due to the low loading quantity of MoS2 (≤ 0.1 wt%) and the disordered stacking 

of MoS2 nanosheets on the surface [46]. The lattice parameters of Bi2MoO6 and 

MoS2/Bi2MoO6 composites were calculated and shown in Figure 5.6. The lattice 

parameters of MoS2/Bi2MoO6 composites with varying MoS2 contents were similar to that 

of pure Bi2MoO6, further indicating that the incorporation of MoS2 has negligible effect on 

the crystal structure of Bi2MoO6. This result indicated that MoS2 only dispersed on the 

surface of Bi2MoO6 instead of covalently anchoring into the lattice of Bi2MoO6 [13, 47].  
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Figure 5.6. XRD patterns of pure Bi2MoO6 and MoS2/Bi2MoO6 composites with various MoS2 

loading quantities. 

 

Figure 5.7. Raman spectrum of MoS2 
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The XPS spectra were employed to confirm the introduction of MoS2 and analyze the 

chemical status of surface elements. All data were calibrated with the banding energy of 

C1s, which is fixed at 284.6 eV. For survey spectra (Figure 5.8a), no impurity peaks were 

found and no evident difference was shown after loading MoS2 on the surface of Bi2MoO6. 

However, the introduction of MoS2 can be proven by the high-resolution orbit scans. In the 

Mo 3d spectrum for Bi2MoO6 (Figure 5.8b), a set of spin-orbit doublet was located at 

binding energy values of 234.9 eV and 231.7 eV, which can be assigned to a Mo6+ 

oxidation state [48]. With the introduction of MoS2, the Mo 3d spectrum consists of two 

sets of spin-orbit doublets and one peak located at 234.5 eV, which may be assigned to S 

2s in MoS2 [49]. The two sets of doublets with binding energy of (237.0, 233.45 eV) and 

(235.8, 232.0 eV) indicated the Mo6+ in Bi2MoO6 and Mo4+ in MoS2, respectively [36]. In 

S 2p spectrum for Bi2MoO6 (Figure 5.8c), a peak at the binding energy of 163.33 eV was 

observed, corresponding to a trivalent oxidation state of Bi. As for S 2p spectrum of 

MoS2/Bi2MoO6 composites, S 2p doublet was found adjacent to Bi 4f5/2, which can be 

assigned to S 2p1/2 and S 2p3/2 of MoS2 [13]. Therefore, the XPS spectra confirmed the 

introduction of MoS2 on the surface of Bi2MoO6. 
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Figure 5.8. XPS spectra of (a) MoS2/Bi2MoO6 composites, (b) Mo 3d, and (c) S 2p 

 

(a) 

(b) (c) 
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5.3.4 N2 sorption isotherms 

The N2 sorption isotherms and pore size distribution of prepared samples are depicted in 

Figure 5.9. An inflexion point close to the saturation vapor pressure can be observed in 

both isotherm, which can be assigned to a typical feature of type IV physisorption isotherm. 

This adsorption behavior is generally given by a mesoporous material associated with the 

capillary condensation process. The hysteresis loop may be identified as an H3 loop, which 

implies that the samples are plate-like particles with slit-like pores [50, 51]. This 

morphology has been confirmed by SEM and TEM images. In addition, the BET 

(Brunauer-Emmett-Teller) surface area, pore volume, and average pore size were 

calculated and shown in Table 5.1. The introduction of MoS2 lead to a reduction of BET 

surface area and pore volume. A possible reason for this could be that the small MoS2 

nanosheets blocked the slit-like pores [13]. A reduced surface area and pore volume may 

suggest less adsorption sites and lower photocatalytic activity. However, as indicated by 

the photocatalytic degradation and disinfection experiments, this effect is negligible 

compared to the improvement in charge separation given by the MoS2 coupling. 
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Figure 5.9. N2 sorption isotherms and pore size distributions for Bi2MoO6 and Mo-Bi 

composite. 

Table 5.1. Specific surface area, pore volume (with pore width: 1-300 nm), and average pore 

size of Bi2MoO6 and Mo-Bi composites. 

Sample SBET (m2/g) Pore volume (cm3/g) Average pore size (nm) 

Bi2MoO6 31.72 0.17 21.6 

Mo-Bi 24.92 0.14 22.4 

5.3.3 Optical properties and energy band composition 

The optical properties of the prepared Bi2MoO6 and MoS2/Bi2MoO6 composites are 

depicted in Figure 5.10. The band gap absorption edge of pure Bi2MoO6 was around 480 

nm. Compared with pure Bi2MoO6, MoS2/Bi2MoO6 composites showed enhanced visible-

light adsorption and the visible-light adsorption spectrum increased with the increasing 
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content of MoS2. This enhanced visible-light adsorption may be ascribed to the formation 

of surface defects [46] and the black body of MoS2 [52]. The bandgap energy of Bi2MoO6, 

0.02 Mo-Bi, 0.05 Mo-Bi, and 0.10 Mo-Bi, were calculated using the Kubelka-Munk 

function to be about 2.60, 2.45, 2.42 and 2.38 eV, respectively. As a result, the increasing 

content of MoS2 lead to a slight decrease in the bandgap energy, which may also lead to 

the enhanced visible light adsorption. 

To further study the valence band and conduction band for Bi2MoO6 and MoS2, density of 

states were computed using a DFT method, and the results are depicted in Figure 5.11. The 

valence band of Bi2MoO6 was mainly composed of O 2p with a little Bi 5s orbits, and its 

conduction band mainly consisted of O 2p and Mo 4d orbits. The valence band of MoS2 

was mainly composed of Mo 3p and S 3p, and its conduction band consisted of Mo 4d and 

S 3p. The calculated band-gap values for Bi2MoO6 and MoS2 were 1.75 and 1.50 eV, 

respectively. The lower values of band gaps, compared to the experimental results, may 

have resulted from the well-known limitations of generalized gradient approximation 

(GGA) [53]. It should be noted that the band gap for MoS2 bulk was estimated to be about 

1.2 eV, which is very narrow. As such, the photogenerated charge carriers can easily 

recombine. When the MoS2 is in the form of a monolayer, the band gap becomes wider, 

which favors the separation of the photogenerated charge carriers. 
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Figure 5.10. UV-vis diffuse reflectance spectra of pure Bi2MoO6, MoS2 and MoS2/Bi2MoO6 

composites 

 

Figure 5.11. Density of states for Bi2MoO6 and 2H MoS2 monolayer. 

5.3.4 Photocatalytic activity testing 

5.3.4.1 Degradation of RhB 

The photocatalytic activities of prepared samples were evaluated by the photocatalytic 

degradation of RhB under visible light (Figure 5.12). The adsorption-desorption 
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equilibrium was reached in darkness prior to the photocatalytic degradation of RhB. Under 

illumination, MoS2/Bi2MoO6 composites exhibited enhanced photocatalytic activity 

relative to pure MoS2 and Bi2MoO6, indicating a positive synergetic effect between MoS2 

and Bi2MoO6. Specifically, the photocatalytic activity of MoS2/Bi2MoO6 increased with 

the increasing content of MoS2 and reached the highest activity when the loading amount 

of MoS2 is 0.05 wt%. Almost 100% of RhB were removed at 90 min for the system with 

0.05 Mo-Bi, while only about 57% of RhB were removed at 90 min for the system with 

pure Bi2MoO6. However, further increasing content of MoS2 (0.10 wt%) lead to a reduction 

of photocatalytic activity. This may be attributed to the “blocking effect” of excess MoS2 

that hindered the light adsorption of Bi2MoO6 [13] and restricted light penetration into the 

reaction mixture due to the black body property of MoS2 [36]. 

The stability of as-prepared MoS2/Bi2MoO6 composites was investigated via cycling tests. 

As shown in Figure 5.13, about 98% RhB was degraded within 120 min after 4 successive 

cycles. Moreover, no distinct difference is observed in the XRD pattern of MoS2/Bi2MoO6 

composites before and after 4 cycling runs, which further indicated the high stability of as-

prepared photocatalysts. 
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Figure 5.12. Photocatalytic degradation of RhB in the presence of different samples under 

visible light irradiation. 

  

Figure 5.13. (a) Cycling tests of photocatalytic activity of 0.05 Mo-Bi for RhB degradation; (b) 

XRD pattern of 0.005Mo-Bi before and after 4 cycling runs. 

The temporal evolution of the spectral changes that occurred during the photocatalytic 

degradation of RhB in the presence of 0.05 Mo-Bi is depicted in Figure 5.14. The blue shift 

of the major peak wavelength suggested that a step-by-step N-demethylation 

(a) (b) 
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 process predominates during the initial photocatalytic degradation process [54]. The 

characteristic adsorption peak wavelengths at 539, 522, 510 and 498 nm represent 

intermediates of each N-demethylation step, which are N,N,N’-triethyl-rhodamine, N,N’-

diethyl-rhodamine, N-ethyl-rhodamine and rhodamine, respectively [55]. After 70 min, the 

peak intensity of complete N-demethylated product (rhodamine) decreased due to the 

cleavage of the aromatic chromophore structure [56]. This indicates that RhB may be 

decomposed into small molecules (e.g. CO2 and H2O) with a prolonged reaction time. The 

total organic carbon concentration was also tested and illustrated in Figure 5.15. As shown 

in Figure 5.15, the mineralization rate reached up to 64% in the presence of 0.05 Mo-Bi at 

120 min. This result revealed that although RhB was completely degraded within 120 min, 

some other organic compounds may still remained in the reaction mixture. Therefore, a 

prolonged reaction time is required to achieve a completely mineralization of the dye. 

 

Figure 5.14. UV-vis pectral changes of RhB during photocatalytic degradation process. 
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Figure 5.15. TOC concentration at 120 min in the presence of 0.05 Mo-Bi under visible light 

irradiation. 

5.3.4.2 Inactivation of E.Coli 

Photocatalytic disinfection performance of MoS2, Bi2MoO6, and 0.05 Mo-Bi are shown in 

Figure 5.16. In the dark control group, photocatalysts exhibited no evident cytotoxicity to 

bacteria. The survival ratio of bacteria decreased slightly (6.4%) at 60 min, which may be 

contributed to the adsorption of photocatalysts. The slight reduction in the survival ratio 

for the photolysis group represents the disinfection effect without any photocatalysis, 

absorption or cytotoxicity of photocatalysts. Compared with the dark control group, MoS2 

showed a negligible disinfection effect to bacteria which may be attributed to its narrow 

band gap and fast recombination rate of photogenerated charge carriers. The survival ratio 

was (77.1 ± 4.6)% at 60 min in the presence of pure Bi2MoO6, suggesting a higher 

photocatalytic activity than MoS2. For 0.05 Mo-Bi, the survival ratio reduced to (60.3 ± 

3.7)% at 60 min due to a positive synergetic effect between MoS2 and Bi2MoO6. It was 
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reported that the major mechanism of photocatalytic disinfection is attributed to the 

reactive oxidative species (ROS), such as h+, •OH, and •O2
- [57]. An integral component 

of bacterial cell membrane, polyunsaturated phospholipids, can be degraded by 

photocatalytic ROS, leading to the breakdown of the membrane structure. Thereafter, the 

function loss due to the damaged cell membranes could eventually lead to cell death. As a 

result, improving the separation efficiency of photogenerated electrons and holes is in favor 

of photocatalytic disinfection. The inactivation results also agree well with the 

photocatalytic degradation experiment. 

  

Figure 5.16. (a) Photocatalytic disinfection performance of various samples; (b) photos of E. 

coli colonies which are cultured by the samples collected at different time during photocatalytic 

disinfection process. 

0 min 

60 

min 

(a) (b) 
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5.3.5 Mechanism exploration 

5.3.5.1 Electrochemical analysis 

Electrochemical impedance spectra (EIS) were employed to assess the charge transfer and 

separation efficiency of photogenerated electron-hole pairs. The EIS Nyquist plots of pure 

Bi2MoO6 and MoS2/Bi2MoO6 composites are shown in Figure 5.17. The charge transfer 

and recombination process can be depicted by equivalent circuits (inset of Figure 5.17). Rs 

and CPE respectively represent the resistance of solution and constant phase element which 

may be considered as a double-layered capacitor [48]. Rct represents the resistance to 

electron transfer that can be determined by the arc radius in the EIS Nyquist plot. 

Specifically, a smaller radius indicates a smaller value of Rct and results in efficient 

separation of photogenerated charge carriers. Values of these electrical parameters are 

summarized in Table 5.2. Compared with pure Bi2MoO6, the value of Rct reduced form 

16.79 Ω to 10.03 Ω via coupling with MoS2. It suggested that the introduction of MoS2 

could improve the charge transfer rate and charge separation efficiency, which further 

promotes the photocatalytic activity. The enhanced charge separation efficiency may be 

attributed to the high conductivity of MoS2 [58] and the heterojunction formation on the 

surface of Bi2MoO6 and MoS2. 
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Figure 5.17. EIS Nyquist plots of pure Bi2MoO6 and 0.05 Mo-Bi composites. 

 

Table 5.2. Fitting results for equivalent circuits of different prepared samples. 

Samples Rs (Ω) Rct (kΩ) CPE (μf) 

Bi2MoO6 34.02 16.79 21.59 

0.05 Mo-Bi 39.45 10.03 22.06 

 

The transient photocurrent responses of pure Bi2MoO6 and MoS2/Bi2MoO6 composites 

under pulsed visible-light were recorded to further analyze the photogenerated charge 

transfer and separation efficiency. As observed in Figure 5.18, the traces of both pure 

Bi2MoO6 and MoS2/Bi2MoO6 composites are reproducible, suggesting that the electrodes 

are stable. Moreover, the photocurrent intensity of MoS2/Bi2MoO6 composites was around 

1.6-fold higher than that of pure Bi2MoO6 which corresponds to the photocatalytic 
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activities of RhB degradation. This result may also deduce the heterostructure formation 

between MoS2 and Bi2MoO6 with matched energy band positions. 

 

Figure 5.18. Transient photocurrent responses of pure Bi2MoO6 and 0.05 Mo-Bi composites 

under pulsed visible-light. 

5.3.5.2 Photoluminescence 

Given that the florescence intensity arises from charge recombination, the transfer and 

separation efficiency of photogenerated charge carriers can be estimated by the 

photoluminescence (PL) spectrum [59]. A lower PL intensity represents lower charge 

recombination rate and better photocatalytic performance. The photoluminescence spectra 

of MoS2 (Figure 5.19) demonstrated its semiconducting phase and the peaks located at 

around 553 and 625 nm may be attributed to the band gap photoluminescence form the K 

point. This result agrees well with other reports [60-62]. As shown in Figure 5.20, the pure 

Bi2MoO6 and 0.05 Mo-Bi have similar PL profile and the major fluorescence peak is 

located at around 700 nm, which is in accordance with previous studies [63, 64]. Compared 

to pure Bi2MoO6, 0.05 Mo-Bi displayed a decrease in fluorescence intensity, suggesting a 
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lower recombination rate of photogenerated charge carriers. This result implies that the 

prepared MoS2/ Bi2MoO6 composites have matched energy band positions, leading to a 

fast charge transfer and separation rate. These results agreed well with the results of 

photocatalytic degradation of RhB and photocatalytic inactivation of E.Coli, which 

demonstrated that MoS2/Bi2MoO6 composites have an enhanced photocatalytic activity 

compared to pure Bi2MoO6. 

 

Figure 5 19. Fluorescence emission of MoS2 obtained with an  excitation wavelength of 450 

nm. 

 

Figure 5.20. Fluorescence emission of Bi2MoO6 and MoS2/Bi2MoO6 composites obtained with 

an excitation wavelength of 450 nm. 
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5.3.5.3 Roles of reactive species 

It is well known that three major reactive oxidants are contributed to the photocatalytic 

degradation of organic pollutants in waste water [48, 65], including •OH, holes and •O2
-. 

In order to evaluate the effect of each reactive species in the system, quenching experiments 

and kinetic analysis were performed and the results are shown in Figure 5.21 and Table 

5.3, respectively. For kinetic analysis of RhB degradation, the pseudo-first-order reaction 

model was applied and expressed as follows (Equation 2) [66]: 

0
ln

r

c
k K t k t

c
     

 
 

  Equation 2 

where t is the reaction time; c0 and c are the initial concentration and concentration at each 

reaction time; kr is the reaction rate constant; K is the adsorption coefficient of the RhB on 

the photocatalyst; and k’ is the pseudo-first-order reaction kinetics constant. Therefore, the 

slope of a plot of ln(c0/c) vs t is the value of k’.  

As shown in Figure 5.21, more than 99% of RhB was degraded at 100 min without 

scavengers. The corresponding pseudo-first-order reaction kinetics constant is 1.88×10-2 

min-1. In contrast, the RhB degradation activities were reduced to some extent with various 

scavengers. For example, only 10.7% and 42.5% of RhB was degraded at 100 min in the 

presence of EDTA and N2, respectively. As a result, holes and •O2
- played important roles 

in the photocatalytic degradation of RhB. Moreover, the strongest inhibiting effect of 

EDTA (k’ = 0.12×10-2 min-1) suggests that the photocatalytic degradation of RhB may be 

dominated by holes due to their strong oxidative capacity in the system. In comparison 

with other scavengers, iso-propanol showed a relatively low inhibition effect (k’ = 1.19×10-

2 min-1) to the photocatalytic degradation process, which indicates that •OH is not the major 
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active oxidative species in the system. The possible reactions are proposed as follows [54, 

65]: 

Photocatalysts +  hν → h+ +  e− 

H2O +  h+ → ∙ OH + H+ 

h+  +  Pollutant →  Pollutant∗ 

∙ OH +  Pollutant →  CO2  +  H2O  

O2  +  e−  → ∙ O2
−  

O2  +  e− + H+ → ∙ HO2   

 

 

Figure 5.21. Photocatalytic degradation of RhB over 0.05 Mo-Bi in the presence of different 

scavengers. 
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Table 5.3. Queching effect of differenct scarvengers added in the photocatalytic system. 

 Without scavengers IPA N2 bubbling EDTA 

Species suppressed -- •OH •O2
- holes 

k' (10-2 min-1) 1.88 1.19 0.44 0.12 

k’/k’(no quenching) 1 0.63 0.23 0.06 

5.3.5.4 Mechanism of photocatalytic reactions. 

In general, the energy band configuration is directly related to the mechanism of 

photocatalyst in terms of redox capacity and the recombination rate of photogenerated 

charge carriers. The band position can be estimated by the Mulliken electronegativity and 

expressed as [13, 34]: 

ECB = χP − Ee − 0.5Eg 

EVB = ECB + Eg 

Where, ECB and EVB are the edge potentials of conduction band and valence band, 

respectively; χp is the electronegativity of the semiconductor which is given by the 

geometric mean of the electronegativities of the constituent atoms; Ee is the energy of free 

electrons on the hydrogen scale (~4.5 eV); and Eg is the band gap energy of semiconductor. 

The Mulliken electronegativity for atom can be determined by the arithmetic average of 

the electron affinity and first ionization potential [67]. The calculated edge potentials for 

MoS2 and Bi2MoO6 are summarized in Table 5.4. 
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 Table 5.4. Energy band engineering analysis of Bi2MoO6 and MoS2 

Composites Eg/eV χp/eV Ee/eV ECB for NHEa/eV EVB for NHEa/eV 

Bi2MoO6 2.60 6.20 4.50 0.40 3.0 

MoS2 1.75 5.33 4.50 -0.045 1.705 

a. NHE: Normal Hydrogen Electrode 

Based on the above results, the possible band gap configuration and photocatalytic 

mechanism is illustrated in Figure 5.22. Both Bi2MoO6 and MoS2 can be excited to 

generate electron-hole pairs under visible light irradiation. Although the as-prepared 

MoS2/Bi2MoO6 composites consist of n-type Bi2MoO6 and p-type MoS2, the p-n 

heterojunction mechanism is not proposed. This is because the photogenerated electrons 

from the conduction band (CB) of Bi2MoO6 (ECB = 0.4 eV vs NHE) is not strong enough 

to reduce O2 to •O2
- or other hydro oxygen radicals [68, 69], however, the quenching 

experiment revealed that •O2
- played an important role in the photocatalytic degradation of 

RhB. Therefore, a possible Z-scheme photocatalyst was fabricated in this work. Under 

visible light irradiation, the photogenerated electrons on the CB of Bi2MoO6 could migrate 

and recombine with the holes on the valence band (VB) of MoS2. As a result, the holes on 

the VB of Bi2MoO6 and electrons on the CB of MoS2 are spatially separated without 

compromising their redox capacities. When coupling MoS2 with Bi2MoO6, the band 

positions of MoS2 could shift slightly upwards in order to reach a Fermi level equilibrium 

with Bi2MoO6 [70]. Moreover, the CB potential of MoS2 could shift to a higher level due 

to the quantum confinement effect [71]. Therefore, the potential of electrons on the CB of 

MoS2 is negative enough to produce •O2
-, •HO2, and H2O2[69], which could further oxidize 

RhB or inactivate cells. The holes accumulated on the VB of Bi2MoO6 could directly 
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degrade RhB or damage cells. In addition, a fraction of holes may react to the H2O adsorbed 

on the surface of the photocatalyst to produce •OH, which could also participate in the 

photocatalytic process. 

 

Figure 5.22. Proposed photocatalytic mechanisms of MoS2/Bi2MoO6 composites and feasible 

photogenerated electron-hole pair transfer and separation process. 

5.4 Conclusions 

Layered MoS2-deposited Bi2MoO6 were successfully prepared using a simple bath 

evaporation method. Photocatalytic degradation experiments and photocatalytic 

inactivation experiments indicated that MoS2/Bi2MoO6 composites exhibited enhanced 

photocatalytic activities relative to pristine Bi2MoO6. Meanwhile, the MoS2/Bi2MoO6 

composites displayed the highest photocatalytic activity when the MoS2 loading amount 

reached 0.05 wt%. The enhanced photocatalytic activity may be attributed to the formation 

of Z-scheme heterostructure and the high conductivity of MoS2. In addition, the quenching 

e- 

h+ 
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experiment revealed that photogenerated holes may be the dominating oxidative species in 

the system. This work provides a promising candidate for photocatalytic degradation of 

organic dyes and photocatalytic disinfection in the area of wastewater treatment, and may 

broaden the range of MoS2 modified visible-light-induced photocatalyst.  

References 

[1] M.N. Chong, B. Jin, C.W.K. Chow, C. Saint, Recent developments in photocatalytic 

water treatment technology: A review, Water Res., 44 (2010) 2997-3027. 

[2] X. Meng, Z. Zhang, Bismuth-based Photocatalytic Semiconductors: Introduction, 

Challenges and Possible Approaches, Journal of Molecular Catalysis A: Chemical, 423 

(2016) 533-549. 

[3] X. Hu, X. Meng, Z. Zhang, Synthesis and Characterization of Graphene Oxide-

Modified Bi2WO6 and Its Use as Photocatalyst, International Journal of Photoenergy, 2016 

(2016) 8. 

[4] M. Marchelek, B. Bajorowicz, P. Mazierski, A. Cybula, T. Klimczuk, M. Winiarski, N. 

Fijałkowska, A. Zaleska, KTaO3-based nanocomposites for air treatment, Catal. Today, 252 

(2015) 47-53. 

[5] X. Meng, L. Jiang, W. Wang, Z. Zhang, Enhanced Photocatalytic Activity of 

BiOBr/ZnO Heterojunction Semiconductors Prepared by Facile Hydrothermal Method, 

International Journal of Photoenergy, 2015 (2015) 9. 

[6] X. Meng, Z. Li, J. Chen, H. Xie, Z. Zhang, Enhanced visible light-induced 

photocatalytic activity of surface-modified BiOBr with Pd nanoparticles, Appl. Surf. Sci., 

433 (2018) 76-87. 



144 

 

[7] X. Meng, Z. Li, Z. Zhang, Pd-nanoparticle-decorated peanut-shaped BiVO4 with 

improved visible light-driven photocatalytic activity comparable to that of TiO2 under UV 

light, Journal of Catalysis, 356 (2017) 53-64. 

[8] X. Meng, Z. Zhang, Synthesis, Analysis, and Testing of BiOBr-Bi2WO6 Photocatalytic 

Heterojunction Semiconductors, International Journal of Photoenergy, 2015 (2015) 12. 

[9] X. Meng, Z. Zhang, Synthesis and characterization of plasmonic and magnetically 

separable Ag/AgCl-Bi2WO6@ Fe3O4@SiO2 core-shell composites for visible light-

induced water detoxification, J. Colloid Interface Sci., 485 (2017) 296-307. 

[10] N. Shao, J. Wang, D. Wang, P. Corvini, Preparation of three-dimensional 

Ag3PO4/TiO2@MoS2 for enhanced visible-light photocatalytic activity and anti-

photocorrosion, Applied Catalysis B: Environmental, 203 (2017) 964-978. 

[11] Y. Gao, C. Chen, X. Tan, H. Xu, K. Zhu, Polyaniline-modified 3D-flower-like 

molybdenum disulfide composite for efficient adsorption/photocatalytic reduction of 

Cr(VI), J. Colloid Interface Sci., 476 (2016) 62-70. 

[12] M.Q. Wen, T. Xiong, Z.G. Zang, W. Wei, X.S. Tang, F. Dong, Synthesis of MoS2/g-

C3N4 nanocomposites with enhanced visible-light photocatalytic activity for the removal 

of nitric oxide (NO), Opt. Express, 24 (2016) 10205-10212. 

[13] X. Meng, Z. Li, H. Zeng, J. Chen, Z. Zhang, MoS2 quantum dots-interspersed Bi2WO6 

heterostructures for visible light-induced detoxification and disinfection, Applied Catalysis 

B: Environmental, 210 (2017) 160-172. 

[14] A. Ahmad, X. Meng, N. Yun, Z. Zhang, Preparation of Hierarchical BiOBr 

Microspheres for Visible Light-Induced Photocatalytic Detoxification and Disinfection, J 



145 

 

Nanomater, 2016 (2016) 10. 

[15] J. Zhang, L. Huang, H. Jin, Y. Sun, X. Ma, E. Zhang, H. Wang, Z. Kong, J. Xi, Z. Ji, 

Constructing two-dimension MoS2/Bi2WO6 core-shell heterostructure as carriers transfer 

channel for enhancing photocatalytic activity, Mater. Res. Bull., 85 (2017) 140-146. 

[16] J. Ke, J. Liu, H. Sun, H. Zhang, X. Duan, P. Liang, X. Li, M.O. Tade, S. Liu, S. Wang, 

Facile assembly of Bi2O3/Bi2S3/MoS2 n-p heterojunction with layered n-Bi2O3 and p-MoS2 

for enhanced photocatalytic water oxidation and pollutant degradation, Applied Catalysis 

B: Environmental, 200 (2017) 47-55. 

[17] N. Shao, J. Wang, D. Wang, P. Corvini, Preparation of three-dimensional 

Ag3PO4/TiO2@MoS2 for enhanced visible-light photocatalytic activity and anti-

photocorrosion, Applied Catalysis B: Environmental, 203 (2017) 964-978. 

[18] M.-Q. Yang, C. Han, Y.-J. Xu, Insight into the Effect of Highly Dispersed MoS2 versus 

Layer-Structured MoS2 on the Photocorrosion and Photoactivity of CdS in Graphene–

CdS–MoS2 Composites, The Journal of Physical Chemistry C, 119 (2015) 27234-27246. 

[19] M. Xu, T. Liang, M. Shi, H. Chen, Graphene-Like Two-Dimensional Materials, Chem 

Rev, 113 (2013) 3766-3798. 

[20] G. Fiori, F. Bonaccorso, G. Iannaccone, T. Palacios, D. Neumaier, A. Seabaugh, S.K. 

Banerjee, L. Colombo, Electronics based on two-dimensional materials, Nat Nanotechnol, 

9 (2014) 768. 

[21] O. Lopez-Sanchez, D. Lembke, M. Kayci, A. Radenovic, A. Kis, Ultrasensitive 

photodetectors based on monolayer MoS2, Nat Nanotechnol, 8 (2013) 497. 

[22] T. Ohta, A. Bostwick, T. Seyller, K. Horn, E. Rotenberg, Controlling the Electronic 



146 

 

Structure of Bilayer Graphene, Science, 313 (2006) 951-954. 

[23] B. Han, S. Liu, N. Zhang, Y.-J. Xu, Z.-R. Tang, One-dimensional CdS@MoS2 core-

shell nanowires for boosted photocatalytic hydrogen evolution under visible light, Applied 

Catalysis B: Environmental, 202 (2017) 298-304. 

[24] Z. Li, X. Meng, Z. Zhang, Recent Development on MoS2-based Photocatalysis: a 

Review, Journal of Photochemistry and Photobiology C: Photochemistry Reviews, 35 

(2018) 39-55. 

[25] Y. Wang, G. Li, P. Li, J. Hu, Q. Zhao, Research progress of two-dimensional layered 

material molybdenum disulfide, Bandaoti Guangdian/Semiconductor Optoelectronics, 37 

(2016) 461-466. 

[26] Y.-J. Yuan, H.-W. Lu, Z.-T. Yu, Z.-G. Zou, Noble-Metal-Free Molybdenum Disulfide 

Cocatalyst for Photocatalytic Hydrogen Production, Chemsuschem, 8 (2015) 4113-4127. 

[27] X. Jin, X. Fan, J. Tian, R. Cheng, M. Li, L. Zhang, MoS2 quantum dot decorated g-

C3N4 composite photocatalyst with enhanced hydrogen evolution performance, RSC 

Advances, 6 (2016) 52611-52619. 

[28] Y. Zhu, S. Murali, W. Cai, X. Li, J.W. Suk, J.R. Potts, R.S. Ruoff, Graphene and 

Graphene Oxide: Synthesis, Properties, and Applications, Adv Mater, 22 (2010) 3906-3924. 

[29] X. Li, J. Yu, S. Wageh, A.A. Al-Ghamdi, J. Xie, Graphene in Photocatalysis: A Review, 

Small, 12 (2016) 6640-6696. 

[30] B. Weng, X. Zhang, N. Zhang, Z.-R. Tang, Y.-J. Xu, Two-Dimensional MoS2 

Nanosheet-Coated Bi2S3 Discoids: Synthesis, Formation Mechanism, and Photocatalytic 

Application, Langmuir, 31 (2015) 4314-4322. 



147 

 

[31] A. Kuc, N. Zibouche, T. Heine, Influence of quantum confinement on the electronic 

structure of the transition metal sulfide TS2, Phys Rev B, 83 (2011) 245213. 

[32] G. Tian, Y. Chen, W. Zhou, K. Pan, Y. Dong, C. Tian, H. Fu, Facile solvothermal 

synthesis of hierarchical flower-like Bi2MoO6 hollow spheres as high performance visible-

light driven photocatalysts, J. Mater. Chem., 21 (2011) 887-892. 

[33] L. Zhang, T. Xu, X. Zhao, Y. Zhu, Controllable synthesis of Bi2MoO6 and effect of 

morphology and variation in local structure on photocatalytic activities, Applied Catalysis 

B: Environmental, 98 (2010) 138-146. 

[34] X. Meng, Z. Zhang, Bismuth-based photocatalytic semiconductors: Introduction, 

challenges and possible approaches, J. Mol. Catal. A: Chem., 423 (2016) 533-549. 

[35] X. Meng, Z. Zhang, Pd-doped Bi2MoO6 Plasmonic Photocatalysts with Enhanced 

Visible Light Photocatalytic Performance, Appl Surf Sci, 392 (2016) 169-180. 

[36] Y. Chen, G. Tian, Y. Shi, Y. Xiao, H. Fu, Hierarchical MoS2/Bi2MoO6 composites with 

synergistic effect for enhanced visible photocatalytic activity, Applied Catalysis B: 

Environmental, 164 (2015) 40-47. 

[37] G. Kresse, J. Furthmüller, Efficient iterative schemes for ab initio total-energy 

calculations using a plane-wave basis set, Phys Rev B, 54 (1996) 11169-11186. 

[38] G. Kresse, J. Hafner, Ab initio, Phys Rev B, 47 (1993) 558-561. 

[39] P.E. Blöchl, Projector augmented-wave method, Phys Rev B, 50 (1994) 17953-17979. 

[40] J.P. Perdew, K. Burke, M. Ernzerhof, Generalized Gradient Approximation Made 

Simple, Phys Rev Lett, 77 (1996) 3865-3868. 



148 

 

[41] K. Momma, F. Izumi, VESTA 3 for three-dimensional visualization of crystal, 

volumetric and morphology data, J Appl Crystallogr, 44 (2011) 1272-1276. 

[42] J. Gamage McEvoy, D.A. Bilodeau, W. Cui, Z. Zhang, Visible-light-driven 

inactivation of Escherichia coli K-12 using an Ag/AgCl–activated carbon composite 

photocatalyst, J. Photochem. Photobiol. A: Chem., 267 (2013) 25-34. 

[43] X. Zong, H. Yan, G. Wu, G. Ma, F. Wen, L. Wang, C. Li, Enhancement of 

Photocatalytic H2 Evolution on CdS by Loading MoS2 as Cocatalyst under Visible Light 

Irradiation, J. Am. Chem. Soc., 130 (2008) 7176-7177. 

[44] RadisavljevicB, RadenovicA, BrivioJ, GiacomettiV, KisA, Single-layer MoS2 

transistors, Nat Nano, 6 (2011) 147-150. 

[45] H.S.S. Ramakrishna Matte, A. Gomathi, A.K. Manna, D.J. Late, R. Datta, S.K. Pati, 

C.N.R. Rao, MoS2 and WS2 Analogues of Graphene, Angew. Chem. Int. Ed., 49 (2010) 

4059-4062. 

[46] M. Liu, X. Xue, S. Yu, X. Wang, X. Hu, H. Tian, H. Chen, W. Zheng, Improving 

Photocatalytic Performance from Bi2WO6@MoS2/graphene Hybrids via Gradual Charge 

Transferred Pathway, Scientific Reports, 7 (2017) 3637. 

[47] Y. Xu, H. Xu, H. Li, J. Xia, C. Liu, L. Liu, Enhanced photocatalytic activity of new 

photocatalyst Ag/AgCl/ZnO, J. Alloys Compd., 509 (2011) 3286-3292. 

[48] X. Meng, Z. Zhang, Plasmonic ternary Ag–rGO–Bi2MoO6 composites with enhanced 

visible light-driven photocatalytic activity, J. Catal., 344 (2016) 616-630. 

[49] H.W. Wang, P. Skeldon, G.E. Thompson, XPS studies of MoS2 formation from 

ammonium tetrathiomolybdate solutions, Surface and Coatings Technology, 91 (1997) 



149 

 

200-207. 

[50] M. Kruk, M. Jaroniec, Gas Adsorption Characterization of Ordered 

Organic−Inorganic Nanocomposite Materials, Chem Mater, 13 (2001) 3169-3183. 

[51] J. Bi, W. Fang, L. Li, X. Li, M. Liu, S. Liang, Z. Zhang, Y. He, H. Lin, L. Wu, S. Liu, 

P.K. Wong, Ternary reduced-graphene-oxide/Bi2MoO6/Au nanocomposites with enhanced 

photocatalytic activity under visible light, J. Alloys Compd., 649 (2015) 28-34. 

[52] X. Meng, Z. Zhang, Bi2MoO6 co-modified by reduced graphene oxide and palladium 

(Pd2+ and Pd0) with enhanced photocatalytic decomposition of phenol, Applied Catalysis 

B: Environmental, 209 (2017) 383-393. 

[53] K. Lai, W. Wei, Y. Dai, R. Zhang, B. Huang, DFT calculations on structural and 

electronic properties of Bi2MO6 (M = Cr, Mo, W), Rare Metals, 30 (2011) 166-172. 

[54] X. Meng, Z. Zhang, Facile synthesis of BiOBr/Bi2WO6 heterojunction semiconductors 

with high visible-light-driven photocatalytic activity, J. Photochem. Photobiol. A: Chem., 

310 (2015) 33-44. 

[55] T. Watanabe, T. Takizawa, K. Honda, Photocatalysis through excitation of adsorbates. 

1. Highly efficient N-deethylation of rhodamine B adsorbed to cadmium sulfide, The 

Journal of Physical Chemistry, 81 (1977) 1845-1851. 

[56] T. Wu, G. Liu, J. Zhao, H. Hidaka, N. Serpone, Photoassisted Degradation of Dye 

Pollutants. V. Self-Photosensitized Oxidative Transformation of Rhodamine B under 

Visible Light Irradiation in Aqueous TiO2 Dispersions, The Journal of Physical Chemistry 

B, 102 (1998) 5845-5851. 

[57] P.-C. Maness, S. Smolinski, D.M. Blake, Z. Huang, E.J. Wolfrum, W.A. Jacoby, 



150 

 

Bactericidal Activity of Photocatalytic TiO2 Reaction: toward an Understanding of Its 

Killing Mechanism, Appl Environ Microb, 65 (1999) 4094-4098. 

[58] Y. Zhu, Q. Ling, Y. Liu, H. Wang, Y. Zhu, Photocatalytic H2 evolution on MoS2-TiO2 

catalysts synthesized via mechanochemistry, PCCP, 17 (2015) 933-940. 

[59] G. Tian, Y. Chen, J. Zhou, C. Tian, R. Li, C. Wang, H. Fu, In situ growth of Bi2MoO6 

on reduced graphene oxide nanosheets for improved visible-light photocatalytic activity, 

Crystengcomm, 16 (2014) 842-849. 

[60] G. Eda, H. Yamaguchi, D. Voiry, T. Fujita, M. Chen, M. Chhowalla, 

Photoluminescence from Chemically Exfoliated MoS2, Nano Lett., 11 (2011) 5111-5116. 

[61] C. Liu, L. Wang, Y. Tang, S. Luo, Y. Liu, S. Zhang, Y. Zeng, Y. Xu, Vertical single or 

few-layer MoS2 nanosheets rooting into TiO2 nanofibers for highly efficient photocatalytic 

hydrogen evolution, Applied Catalysis B: Environmental, 164 (2015) 1-9. 

[62] J. Zhang, Z. Zhu, X. Feng, Construction of Two-Dimensional MoS2/CdS p–n 

Nanohybrids for Highly Efficient Photocatalytic Hydrogen Evolution, Chemistry – A 

European Journal, 20 (2014) 10632-10635. 

[63] D. Wang, H. Shen, L. Guo, F. Fu, Y. Liang, Design and construction of the sandwich-

like Z-scheme multicomponent CdS/Ag/Bi2MoO6 heterostructure with enhanced 

photocatalytic performance in RhB photodegradation, New J. Chem., 40 (2016) 8614-8624. 

[64] W. Zhao, C. Li, A. Wang, C. Lv, W. Zhu, S. Dou, Q. Wang, Q. Zhong, Polyaniline 

decorated Bi2MoO6 nanosheets with effective interfacial charge transfer as photocatalysts 

and optical limiters, PCCP, 19 (2017) 28696-28709. 

[65] Y. Zheng, C. Li, X. Meng, Z. Zhang, A conjugated composite of α-Fe2O3 and BiOBr 



151 

 

with enhanced visible-light-induced photocatalytic activity, J. Mol. Catal. A: Chem., 421 

(2016) 16-28. 

[66] X. Meng, Z. Zhang, Ag/AgCl Loaded Bi2WO6 Composite: A Plasmonic Z-Scheme 

Visible Light-Responsive Photocatalyst, International Journal of Photoenergy, 2016 (2016) 

11. 

[67] H.L. Zhuang, R.G. Hennig, Theoretical perspective of photocatalytic properties of 

single-layer SnS2, Physical Review B, 88 (2013) 115314. 

[68] S. Fang, Y. Zhou, H. Cui, Z. Li, S. Xu, L. Wang, Fabrication of BiOCl@CdS/Ag2CO3 

heterojunctions with enhanced photocatalytic activity under visible-light irradiation, 

Journal of Materials Science: Materials in Electronics, 28 (2017) 14575-14583. 

[69] Y.A. Ilan, G. Czapski, D. Meisel, The one-electron transfer redox potentials of free 

radicals. I. The oxygen/superoxide system, Biochimica et Biophysica Acta (BBA) - 

Bioenergetics, 430 (1976) 209-224. 

[70] T. Xiong, M. Wen, F. Dong, J. Yu, L. Han, B. Lei, Y. Zhang, X. Tang, Z. Zang, Three 

dimensional Z-scheme (BiO)2CO3/MoS2 with enhanced visible light photocatalytic NO 

removal, Applied Catalysis B: Environmental, 199 (2016) 87-95. 

[71] L. Cao, Novel MoS2-modified AgVO3 composites with remarkably enhanced 

photocatalytic activity under visible-light irradiation, Mater. Lett., 188 (2017) 252-256. 

 



152 

 

 

 

 

 

SECTION III: SnS ENHANCED 

PHOTOCATALYSIS 

  



153 

 

Chapter 6 Hexagonal SnS nanoplates assembled onto 

hierarchical Bi2WO6 with enhanced 

photocatalytic activity in detoxification and 

disinfection 

Zizhen Li, Xiangchao Meng and Zisheng Zhang 

Journal of Colloid and Interface Science, 537, 345-357 (2019) 

 

 

Abstract 

A novel Z-scheme heterostructure, SnS nanoplates deposited Bi2WO6, was successfully 

fabricated via a simple bath sonication method. The positive synergetic effect between SnS 

and Bi2WO6 greatly improved the photocatalytic activity of SnS-Bi2WO6 composites in 
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dye degradation and bacterial inactivation. Under visible light irradiation, the 

photocatalytic degradation activity of SnS-Bi2WO6 composites (0.50 wt% SnS) was about 

5.8 times higher than that of pure Bi2WO6. As for the disinfection experiment, the survival 

ratio for 60 min in the presence of Bi2WO6 and SnS-Bi2WO6 composites was 50% and 

32%, respectively. This result was consistent with the photocatalytic degradation reaction. 

The mechanism of photocatalytic reactions was also explored by the quenching experiment 

and electrochemical analysis. It indicated that the main oxidative species in the 

photocatalytic degradation process were holes and hydro oxygen radicals (e.g. •HO2 and 

H2O2). In addition, the formation of the heterostructure could greatly suppress the 

recombination of photogenerated charge carriers. All these results suggested that the as-

prepared SnS-Bi2WO6 composites could be served as efficient photocatalysts for 

wastewater treatment. 

6.1 Introduction 

The semiconductor, tin sulfide (SnS), has recently attracted increasing attention in the 

fields of photodetectors [1], solar cells [2], Li ion batteries [3], and photocatalysis [4]. As 

an earth abundant material, SnS is an inexpensive, chemically inert and heavy-metal-free 

material that possesses a suitable bandgap (~1.3 eV) for light absorption in the visible-light 

region and near-infrared region [5]. Therefore, SnS is expected to be a promising visible-

light-responsive photocatalyst. However, its fast charge recombination and low 

photocatalytic activity hindered its potential application. It is well known that fabrication 

of a heterostructure is an efficient method to facilitate photogenerated charge separation 

and improve photocatalytic performance [6]. For example, Hu et al. synthesized SnS/SnS2 

heterostructure nanocrystals by the pyrolysis method and their performance on 
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photocatalytic dye degradation were greatly improved compared with pure SnS [6]. Similar 

results were also reported by Yao’s group [7]. In their work, urchinlike SnS/SnS2 p-n 

heterogeneous composites were prepared by a one-step solvothermal method. The pseudo-

first-order reaction rate for methyl orange (MO) degradation was determined to be 

3.351×10-2 min-1, which is higher than that of pristine SnS (2.985×10-2 min-1) and SnS2 

(0.957×10-2 min-1). Wang and co-workers fabricated a novel p-n heterojunction by 

combining SnS with ZnO and the material also displayed improved photocatalytic activity 

[8]. The heterostructure combined the large surface area and high redox ability of ZnO with 

visible-light absorption capacity of SnS, which could facilitate the generation of photo-

induced charge carriers and promote charge separation. Under visible light irradiation, the 

RhB degradation rate constant of the ZnO-SnS p-n heterojunction was 10-fold and 2-fold 

higher than that of ZnO and SnS, respectively.  

In this work, a unique heterostructure is established by coupling SnS with Bi2WO6. As one 

of bismuth-based photocatalysts, Bi2WO6 exhibited well-dispersed orbits, which favors the 

transfer of photogenerated carriers [9-16]. Numerous works have been reported on 

Bi2WO6-based photocatalysts for environmental remediation [14, 17-19]. However, the 

bandgap energy of Bi2WO6 (~2.70 eV) indicated that this material can only be activated 

by light with wavelengths below 460 nm. Thus, prepared SnS-Bi2WO6 hybrid composites 

may simultaneously enlarge the light absorption capacity and improve the charge 

separation efficiency. Tang et al. reported on one-step preparation of SnS-Bi2WO6, and 

found that the photocatalytic activity of Bi2WO6 was slightly improved [20]. This result 

confirmed the effectiveness of loading SnS to improve the photocatalytic activity of 

Bi2WO6. As motivated by the work our group reported on MoS2-Bi2WO6 using a two-step 
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method [21], the objective of this work is to prepare SnS-Bi2WO6 through a two-step 

method with SnS loaded onto the surface. 

Herein, we prepared a novel Z-scheme heterostructure consisting of SnS and Bi2WO6 via 

a simple bath sonication method. Compared with pure SnS and Bi2WO6, the positive 

synergetic effect between SnS and Bi2WO6 lead to improved photocatalytic activity in dye 

degradation and disinfection. The good photocatalytic performance of this material may 

further indicate the potential application of SnS-Bi2WO6 composites in wastewater 

treatment. 

6.2 Experimental 

6.2.1 Preparation of Bi2WO6, SnS and SnS-Bi2WO6 composites 

Hierarchical Bi2WO6 were prepared using an acetic acid-assisted hydrothermal method as 

we reported previously [22]. Typically, 2 mmol of Bi(NO3)3•5H2O (ACS grade, 98%, Alfa 

AesarTM) were dissolved into 30 mL acetic acid (glacial, certified ACS, Fisher Scientific, 

Canada) under magnetically stirring for 10 min, termed solution A. And 1 mmol of 

Na2WO4•2H2O (ACS grade, 99+%, ACROS OrganicsTM) were dissolved into 50 mL 

deionized distilled water (DDW), termed solution B. After that, solution B was dropwise 

added into solution A under magnetically stirring for another 20 min. Then, the mixture 

was transferred into a 100-mL Teflon-line stainless steel autoclave (Parr Instrument 

Company, USA). The autoclave was heated up to 180°C, and maintained for 20h. After the 

autoclave was naturally cooled down to room temperature, the white precipitates were 

filtered out and washed three times with DDW, and dried at 60 °C for 12h before collected 

for further use. 
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Hexagonal SnS nanoplates were prepared using a facile hydrothermal method with minor 

modifications [23]. In a typical process, 1 mmol of SnCl2•2H2O (98%, Alfa AesarTM) and 

2 mmol of L-cysteine (C3H7NO2S, Cell Culture Reagent Grade, Alfa AesarTM) were 

separately dissolved into 40 mL DDW. These two solutions were then mixed together 

under magnetically stirring for 30 min. After that, the mixed solution was transferred into 

a 100-mL Teflon-lined stainless-steel autoclave, and heated at 180 °C for 12h. After 

naturally cooling down to room temperature, black precipitates were filtered out, washed 

with DDW for three times, and dried at 60 °C for 12h before collected for further use. 

SnS-Bi2WO6 hybrid composites were prepared using a simple bath sonication method, as 

schematically depicted in Figure 6.1. Specifically, a designated amount of hexagonal SnS 

nanoplates were mixed with 0.30 g of as-prepared Bi2WO6 in 40 mL ethanol. This 

suspension was then ultrasonicated for 30min, and then magnetically stirred until the 

solvent was naturally evaporated. Then, the product was dried at 60 °C for 12h before 

collated. Composites of 0.25, 0.50 and 1.00 wt% SnS loaded onto Bi2WO6 were prepared 

and labelled as 0.25 SB, 0.50 SB and 1.0 SB. 
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Figure 6.1. Schematic preparation of SnS dispersed on Bi2WO6 via a bath sonication method. 

6.2.2 Characterizations 

The morphology of as-prepared samples was investigated using a field-emission scanning 

electron microscopy (FE-SEM, JEOL JSM-7500F) and a transmission electron microscopy 

(TEM, JEM-2100F). An Energy-dispersive X-ray spectroscopy (EDS) was also equipped 

in the TEM for the elemental analysis of prepared samples. The crystal structure was 

measured using a Rigaku Ultima IV diffractometer with Cu Kα radiation (λ = 0.15418 nm) 

at 40 kV and 44 mA. Surface composition and chemical states were performed on an 

XSAM-800 X-ray Photoelectron Spectroscope (XPS). The Brunauer, Emmett and Teller 

(BET) surface area of the samples were calculated using multi-point estimation. The pore 

volumes were calculated using the volumes of adsorbed N2 at p/po = 0.9941. Pore volume 

distributions are calculated using the N2 desorption branch, A thermos Evolution 300 

spectrophotometer was applied to detect the ultraviolet-visible diffuse reflectance spectra 

(DRS). Electrochemical properties of prepared samples were performed on a CHI 604E 



159 

 

electrochemical analyzer (CH Instruments Inc., USA) with a platinum wire as a counter 

electrode, a calomel reference electrode and a working electrode. The working electrode 

was composed of indium tin oxide (ITO, 75 × 25 × 1.1 mm, 15 - 25 Ω, Sigma-Aldrich 

Canada Co.) and glass coated with the prepared samples. The electrochemical impedance 

spectroscopies (EIS) were recorded with frequencies in the range of 0.01 – 1000000 Hz 

and a sinusoidal wave of 5 mV. The electrolyte was Na2SO4 with a concentration of 0.50 

mol/L. 

6.2.3 Photocatalytic activity tests 

6.2.3.1 Degradation of organics 

The photocatalytic activities of prepared samples were evaluated by RhB degradation 

under visible light and the temperature of the photocatalytic process was maintained at 

20 °C via a cooling jacket. A 300 W halogen tungsten projector lamp (Ushio) equipped 

with a UV cut-off (λ > 410 nm) was applied to provide light source. Typically, 0.10 g 

photocatalyst was mixed with 100 mL RhB solution with an initial concentration of 10 

ppm. Before illumination, the mixture was magnetically stirred for 30 min to obtain 

adsorption/desorption equilibrium. Afterwards, 1 mL aliquots were collected at given 

irradiation time intervals and the concentrations of aliquots were determined by a UV-vis 

spectrophotometer (Genesys 10 UV, Thermo Scientific) at 554 nm. The time-dependent 

UV-vis adsorption spectra of reaction mixture were also measured by UV-vis 

spectrophotometer (Biochrom Ultrospec 60) to monitor the photocatalytic degradation 

process. 
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Quenching experiments were performed to analyze the roles of each reactive oxidative 

species (ROS). Specifically, 0.1 M iso-propanol (IPA), 10 vol% triethanolamine (TEOA) 

and N2 bubbling were used to trap hydroxyl radicals (•OH), holes and superoxide radicals 

(•O2
-), respectively. 

6.2.3.2 Temporal course of inactivation 

E.coli K-12 was chosen as a target microorganism to evaluate the photocatalytic 

disinfection performance of the prepared samples, because it is a representative non-

pathogenic biological indicator of disinfection efficiency in water systems [24]. Before 

experiments, all materials were sterilized at 121 °C for 20 min. Bacteria were aerobically 

incubated in Luria-Bertani medium at 37 °C with constant agitation. At the stationary phase, 

bacteria were collected and re-suspended in sterilized saline. The concentration of bacterial 

suspension was measured by a spectrophotometer at OD600 with appropriate dilutions. For 

each disinfection trail, 0.10 g photocatalysts were mixed with 100 mL bacterial suspension 

with the initial concentration of 106 colony forming units per milliliter (CFU/mL), followed 

by magnetic stirring for 30 min in the dark. Under illumination, small aliquots were 

collected every 10 mins and serially diluted. Afterwards, the diluted samples were plated 

on LB agar plates using a standard spread plate method and incubated at 37 °C for 18 h. 

Bacterial enumeration was performed by viable cell counts and all experiments were 

performed in triplicate [25].  

6.2.4 Electronic structure calculation 

The DFT simulations were performed using the Vienna ab initio simulation package 

(VASP) [26, 27]. The ion-electron interaction is described with the projector augmented 
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wave (PAW) method [28]. Electron exchange-correlation is represented by the function of 

Perdew, Burke, and Ernzerhof (PBE) of generalized gradient approximation (GGA) [29]. 

A cut-off energy of 380 eV was used for the plane-wave basis set. The calculations were 

done on periodical supercells of SnS and Bi2WO6 with 4×6×6 and 6×6×2 Monkhorst Pack 

k-point sampling, respectively. Models for Bi2WO6 and SnS are depicted in Figure 6.2. An 

open-source software for VASP visualization, P4VASP written by Orest Dubay 

(http://www.p4vasp.at) has been used for the analysis of the Density of States (DOS) and 

bands. 

 

Figure 6.2. Bi2WO6 and SnS models for DFT computations (depicted using VESTA [30]). 
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6.3 Results and discussions 

6.3.1 Morphology 

The SEM images of Bi2WO6 and SnS-Bi2WO6 hybrid composites are shown in Fig. 6.3a 

and 6.3b. It can be observed that pure Bi2WO6 exhibited hierarchical flower-like structures 

with a diameter around 2 m. After integrating with SnS, some plate-like SnS were 

deposited on the surface of Bi2WO6. The morphology and microstructure of as-prepared 

Bi2WO6, SnS and SnS-Bi2WO6 composites were further investigated by TEM images and 

the lattice spacings were determined from the corresponding FFT patterns. As shown in 

Fig. 6.3c, SnS nanoplates displayed relatively uniform size dispersion with the diameter 

ranging from 4 to 13 nm (Fig. 6.3g). In addition, the fringe spacing shown in FFT patterns 

(inset of Fig. 6.3c) can be indexed to the (011) and (210) planes of SnS, respectively. The 

FFT pattern for Bi2WO6 (inset of Fig. 6.3d) indicated the distances characteristic of (111) 

and (022) planes, respectively. As for SnS-Bi2WO6 composites, Fig. 6.3e clearly revealed 

that the SnS nanoplates were successfully deposited on the surface of Bi2WO6 nanoplates. 

When viewed at higher magnification (Fig. 6.3f), SnS nanoplates displayed hexagonal/ 

faceted structure, which showed similar morphology to the SnS prepared by other groups 

[31]. The FFT pattern for the selected area (red square) of SnS-Bi2WO6 composites showed 

lattice spacing of 3.54, 3.02, and 2.52 Å, which may be assigned to the (201) plane and 

(011) plane of orthorhombic SnS, and (151) plane of orthorhombic Bi2WO6, respectively. 

The composition of as-prepared SnS-Bi2WO6 composites was investigated by EDS 

analysis (Fig. 6.3h) and the results confirmed the existence of Sn and S elements, further 

suggesting the successful integrating of Bi2WO6 and SnS.  
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Figure 6.3. SEM images of (a) Bi2WO6 and (b) 0.50 SB; TEM images of (c) SnS, (d) Bi2WO6, 

and 0.50 SB in (e) low and (f) high magnification (the insets showing the FFT patterns 

obtained from the corresponding images); (g) size distribution of SnS nanoplates measured 

from Fig. 6.3f; and (h) EDS spectra of two sites shown in Fig. 6.3f. 
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6.3.2 Crystal structure and surface composition 

The XRD patterns of Bi2WO6, SnS and SnS-Bi2WO6 composites were illustrated in Fig. 

6.4. For pure Bi2WO6, all diffraction peaks agreed well with the orthorhombic Bi2WO6 

(space group: Aba2 (41), PDF card number: 01-073-1126) [32] and no impurity peak was 

found in the XRD pattern. The XRD diffraction peaks for SnS can be indexed to the 

orthorhombic SnS (space group: Pnma (62), PDF card number: 01-073-1859) [33], which 

is in good agreement with the previous TEM and FFT results. For various SnS-Bi2WO6 

composites, no characteristic peaks of SnS were observed in the corresponding XRD 

patterns, which may be attributed to the low loading amount of SnS nanoplates (≤ 1 wt%) 

[21]. The lattice parameters of Bi2WO6 and SnS-Bi2WO6 composites were calculated and 

summarized in Table 6.1. It can be seen that the introduction of SnS showed negligible 

influence to the crystal structure of Bi2WO6. In addition, no obvious peak shift can be 

observed in the XRD pattern of various SnS-Bi2WO6 composites (Fig. 6.4b), further 

indicating that the SnS nanoplates may be merely loaded on the surface of Bi2WO6 particles 

instead of covalently anchoring into its lattice [11, 34].  
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Figure 6.4. XRD patterns of SnS, Bi2WO6 and SnS-Bi2WO6 composites with various SnS 

loading quantities in the range of (a) 5-80° and (b) 31.3-33.5°. 

Table 6.1. Summary of lattice parameters and volume of a lattice cell for Bi2WO6 and SnS-

Bi2WO6 composites. 

Composite a (Å) b (Å) c (Å) α = β = γ (°) V (Å3) 

Bi2WO6 5.42 5.42 16.30 90.0 479 

0.25 SB 5.43 5.45 16.12 90.0 477 

0.50 SB 5.45 5.42 16.30 90.0 481 

1.0 SB 5.45 5.47 16.37 90.0 487 
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The XPS technique was used to analyze the surface elemental compositions and chemical 

status of as-prepared samples. All data were calibrated with the banding energy of C 1s, 

which is fixed at 284.6 eV. In the survey spectra (Fig. 6.5) of SnS-Bi2WO6 composites, the 

characteristic peaks of Bi, W, O, and Sn can be detected, and no impurity peaks were found. 

The high-resolution Sn 3d and S 2p orbit scans of pure SnS and SnS-Bi2WO6 composites 

were obtained and compared to further confirm the introduction of SnS (Fig. 6.6). As 

shown in Fig. 6.6a and 6.6c, a set of spin-orbit doublet located at binding energy values of 

494.9 eV and 486.3 eV can be ascribed to Sn 3d3/2 and Sn 3d5/2, respectively. This result 

indicated a bivalent oxidation state of Sn [20, 35]. As for S 2p orbit scans (Fig. 6.6b and 

6.6d), peaks at 162.4 eV and 161.1eV is in accordance with the instance of S2- [6]. The 

peak (164.2 eV) adjacent to S 2p doublet (Fig. 6.6b) may be attributed to the Bi 4f5/2 of 

Bi2WO6 [21]. Therefore, it can be confirmed that SnS nanoplates is fabricated and loaded 

on the surface of SnS-Bi2WO6 composites. 
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Figure 6.5. XPS survey spectrum of SnS-Bi2WO6 composites 

 

 

Figure 6.6. High-resolution orbital scans of Sn 3d for (a) SnS-Bi2WO6 composites and (c) pure 

SnS; and S 2p for (b) SnS-Bi2WO6 composites and (d) pure SnS. 
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6.3.3 N2 sorption analysis 

Nitrogen isotherms were tested to evaluate the adsorption-desorption property of prepared 

samples, the results were depicted in Figure 6.7. All isotherms are attributed to the type-IV 

physisorption isotherm. For type-IV isotherm, it is primarily resulted from the mesoporous 

materials, and a monolayer was firstly formed at low relative pressure and multilayer 

adsorption occurred at high relative pressure. For both isotherms at high relative pressure, 

no plateau was observed, which indicates that the capillary condensation did not occur on 

the surface of macropores. H3-type hysteresis loop was observed for each isotherm, which 

may due to the slit-shaped pores formed by aggregation of plate-like particles. This agrees 

well with the morphologies as observed in SEM images. Quantitively, the BET surface 

area as well as pore volumes were estimated and summarized in Table 6.2. The BET 

surface area was reduced from 28.4 to 21.3 m2/g after loading SnS plates onto Bi2WO6, 

which may be resulted from the SnS plates blocked the slit-shaped pores. However, the 

volume of pores was slightly increased, which may due to the slit-shaped pores were 

formed between SnS and Bi2WO6. The decrease in specific surface area may reduce the 

photocatalytic activity, but compared to the improvement of the charge carriers’ separation 

with the SnS modification, the influence of the decrease in specific surface area is 

negligible for the overall photocatalytic activity. 
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Figure 6.7. N2 sorption isotherms for Bi2WO6 and 0.50 SB composite. 

Table 6.2. Specific surface area and pore volume of prepared sample. 

Sample SBET (m2/g) Pore volume (cm3/g) 

Bi2WO6 28.4 0.14 

0.50 SB 21.3 0.17 

6.3.3 Optical Properties 

Optical properties of Bi2WO6, SnS and SnS-Bi2WO6 composites were measured by DRS 

and depicted in Fig. 6.8a and 6.8b. All samples showed light adsorption within the scope 

of ultraviolet-vis spectrum. The adsorption edge of Bi2WO6 is around 422 nm, while pure 

SnS displayed stronger and wider light adsorption than pure Bi2WO6 over the range of 200-

900 nm. As a result, the light adsorption capacity of SnS-Bi2WO6 composites was slightly 
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increased compared with pure Bi2WO6 across the entire spectrum. Moreover, the 

adsorption intensity was gradually boosted in the region over 450 nm when the loading 

amount of SnS was increased. These results indicated that the as-prepared SnS-Bi2WO6 

composites can be used as visible light-responsive photocatalysts with enhanced 

photocatalytic activity. The bandgap energy (Eg) of as-prepared samples can be calculated 

by the following equation (Equation 1) [22]: 

 2
g

n

h K h E     Equation 1 

Where α, h, ν, K, Eg, and n represent the adsorption coefficient, Plank’s constant, light 

frequency, a constant for semiconductor (usually equal to 1), bandgap energy, and a 

constant related to the electronic transition type of the semiconductor (direct transition: n 

= 1; indirect transition: n = 4), respectively. According to the previous reports, the values 

of n for SnS and Bi2WO6 are 4 and 1, respectively [11, 36]. The corresponding Tauc plots 

are shown in Fig. 6.8b. Therefore, the bandgap energy of pure SnS and Bi2WO6 were 

determined to be around 1.42 and 2.82 eV, respectively. 
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Figure 6.8. (a) UV-Vis diffused reflectance spectra of prepared samples; and (b) the (αhν)2 and 

(αhν)1/2 plots as a function of the photo energy (hν). 

6.3.4 Energy band structure analysis 

The band structure as well as total/ partial density of states of Bi2WO6 and SnS were 

simulated based on density functional theory (DFT), and were depicted in Fig. 6.9 and 6.10, 

respectively. The top of valence band for both simulations was fixed at 0.00 eV. Band gap 

values for Bi2WO6 and SnS can be measured as 1.915 and 1.815 eV, respectively (Fig. 6.9). 

Both band gaps were narrower than those measured using DRS, which may be due to the 

limitations of simulation [37]. However, the calculated band gaps indicate that both 

Bi2WO6 and SnS are visible-light-responsive. As shown in Fig. 6.10, the top of the valence 

bands for Bi2WO6 and SnS were separately composed of Bi 6s and O 2p, and S 3p, Sn 5s 

and Sn 5p hybrid orbitals, while the bottom of their conduction bands were composed of 

W 5d and Sn 5p orbitals, respectively. It should also be noted that the correlation between 

(a) (b) 
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the effective mass of electrons or holes and the curvature of the bands can be simply 

described by Equation 2 [38, 39]: 
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where m* is the effective mass of the electrons or holes, κ is the wave vector, and Εκ is the 

energy corresponding to the wave vector κ. A higher effective mass of the charge carrier 

implies a lower mobility of the charge carrier. The relative ratio of effective mass between 

electrons on conduction band minimum (CBM) and holes on valence band maximum 

(VBM) can be obtained via Equation 3. The values of the second-order term of Εκ for 

electrons on CBM and holes on VBM and the absolute ratio are calculated using the top of 

the valence band and the bottom of the conduction band (shown in Fig. 6.11) and shown 

in Table 6.3. It reveals that, for Bi2WO6, mobility of the electron is similar to that of the 

hole. This characteristic is not beneficial in the photogenerated charge carriers’ separation 

on Bi2WO6, and possibly results in low photocatalytic efficiency. As for SnS, the mobility 

of electrons is far lower compared to holes, which suggests that SnS may be promising as 

a modifier. Furthermore, as shown in Fig. 6.11, direct and indirect band transitions for 

Bi2WO6 and SnS were separately observed. The processes of photogenerated carriers’ 

recombination were also proposed in Fig. 6.11. Specifically, activated electrons on the 

conduction band may return to the valence band to recombine with the holes. The 
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difference in energy between electron on the conduction band and valence band will be 

released as photons. This process takes place only when it follows the transition selection 

rule of momentum conservation, as illustrated in Equation 4, 

'

e e photonk k q    
Equation 4 

where ħ is the reduced Planck constant, ke
’ and ke are electron wave vectors at the top of 

the valence band and bottom of the conduction band, respectively, and qphoton is the wave 

vector of the assisted photon [40]. For direct band-gap transition, ke
’ = ke, whereas ke

’ ≠ ke 

for indirect band-gap transition. For Bi2WO6 (Fig. 6.11a), activated electrons on the 

conduction band are easily returned to the valence band with releasing photons. However, 

for SnS, the activated electrons on the conduction band cannot directly come back to the 

valence band as shown in Fig. 6.11b. Instead, assistance by additional photons is needed 

for the transfer within an indirect band gap. As a result, the lifetime of photogenerated 

electrons and holes for SnS within an indirect band gap is longer than that for Bi2WO6 

within a direct band gap, thus increasing the diffusion length and reaction time of the 

photogenerated charge carriers. Correspondingly, photocatalytic activity of materials with 

indirect band-gap transitions exhibited higher activity in photocatalysis compared to those 

with direct band-gap transitions, further suggesting SnS may be an excellent modifier [41]. 



174 

 

 

Figure 6.9. Band structure of (a) SnS and (b) Bi2WO6. 

 

 

Figure 6.10. Density of states for SnS and Bi2WO6. 

 

(a) (b) 
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Figure 6.11. Proposed transition of photogenerated charge carriers on Bi2WO6 and SnS. 

Table 6.3. Parameter values for Equation 2 and 3. 

Parameter 
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Bi2WO6 -0.191 0.192 1.005 

SnS -0.108 0.010 0.093 

 

6.3.4 Photocatalytic activity tests 

The photocatalytic activities of prepared samples were evaluated by the photocatalytic 

degradation of RhB under visible light irradiation. As shown in Fig. 6.12, all samples 

reached the adsorption-desorption equilibrium in darkness within 30 min. According to 

Table 6.4, the adsorption capacity of pure SnS is more than 3-fold higher than that of 
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Bi2WO6. When coupling with SnS, the adsorption capacity of Bi2WO6 is greatly improved 

due to the good adsorption performance of SnS. Under illumination, RhB was further 

decomposed in the presence of Bi2WO6 and SnS-Bi2WO6 composites. In contrast, the 

photocatalytic activity of pure SnS is negligible. This may be resulted from the narrow 

bandgap of SnS, which could lead to fast charge recombination and low activity. Compared 

with pure SnS and Bi2WO6, a positive synergetic effect is observed when coupling SnS 

with Bi2WO6. The enhanced photocatalytic activity may be ascribed to the formation of the 

heterostructure between the surface of SnS and Bi2WO6, which could facilitate the 

migration and separation of photogenerated charge carriers. 

The kinetic study of RhB degradation in the presence of various photocatalysts was also 

performed. The pseudo-first-order reaction model was used to fit the experimental data and 

expressed as Equation 5 [42]: 

0ln
t

c
k t

c

 
  

 
 Equation 5 

Where c0, ct, k’ and t represent the initial concentration of RhB, concentration of RhB at 

reaction time t, pseudo-first-order reaction rate constant and time, respectively. The kinetic 

parameters were calculated and listed in Table 6.4. The value of rate constant (k’) can be 

used to quantitatively analyze the reaction rate for each process. It can be observed that the 

rate constant of SnS-Bi2WO6 composites were significantly improved compared with that 

of pure SnS (k’ = 0.001 min-1) and Bi2WO6 (k’ = 0.018 min-1). In addition, the value of k’ 

was enhanced as the loading amount of SnS was increased and reached a highest value of 

0.105 min-1 when the SnS loading amount was 0.50 wt%. However, further increasing the 
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amount of SnS hindered the improvement of photocatalytic activity. This may be resulted 

from the light blocking effect of materials with dark colors, which could prevent light 

penetration into the reaction mixture [43, 44]. In addition, excessive SnS may block the 

mesopores of Bi2WO6, leading to the decrease in surface area, pore volume and reactive 

sites [21, 44]. 

 

Figure 6.12. Photocatalytic degradation performance of prepared samples under visible light 

irradiation. 

Table 6.4. Equilibrium adsorption capacities and kinetic parameters of pseudo first-order 

model for different samples 

Composite qe (mgRhB/gcat.) k' (min-1) R2 

Bi2WO6 0.692 0.018 0.998 

SnS 2.338 0.001 0.932 

0.25 SB 3.460 0.098 0.917 

0.50 SB 4.441 0.105 0.975 

1.0 SB 4.119 0.101 0.960 
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The time-dependent spectral changes of RhB during the photocatalytic degradation process 

were depicted in Fig. 6.13. The intensity decrease of major peaks with a concomitant 

wavelength blue shift revealed that the step-by step N-deethylation process and the 

destruction of the RhB chromophore ring structure were occurred during the degradation 

process [45]. In the first 50 min, the characteristic peaks at 539, 522, 510 and 498 nm 

represent intermediates of the N-demethylation process, which are N,N,N’-triethyl-

rhodamine, N,N’-diethyl-rhodamine, N-ethyl-rhodamine and rhodamine, respectively [46]. 

Subsequently, no characteristic peak of rhodamine can be found in the spectra due to the 

further cleavage of the aromatic ring structure. This phenomenon indicated that RhB may 

be degraded into small molecules such as CO2 and H2O in the presence of SnS-Bi2WO6 

composites (0.50 SB) under visible light [47, 48]. 

Reusability of as-prepared sample was evaluated by recycling use of the 0.50 SB composite 

for five runs in the decomposition of RhB under visible light. The concentration profiles 

of RhB in the solution were shown in Fig. 6.14. Complete removal of RhB can be obtained 

in 60 for these five runs. A negligible difference among these five profiles can be observed, 

indicating the high stability of SnS-Bi2WO6 composites in the photocatalytic organic 

degradation process. The slight decrease in the RhB conversion may be resulted from some 

refractory intermediates adsorbed on the surface of the catalysts, reducing the number of 

reactive sites in the following run. The high reusability of SnS-Bi2WO6 composites make 

them an attractive candidate for use as visible light-induced photocatalysts. 
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Figure 6.13. Time-dependent UV-Vis spectral of RhB during photocatalytic degradation 

process 

 

Figure 6.14. Recycling tests of 0.50 SB sample in the degradation of RhB under visible light. 
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The disinfection effects of all samples toward E. coli, a common waterborne pathogenic 

microorganism, were also evaluated. As shown in Fig. 6.15, no evident loss of cell survival 

ratio was observed in the dark, indicating negligible cytotoxicity of the photocatalyst (0.50 

SB). For the light control group (photolysis), the reduction of survival ratio represented the 

disinfection effect without any photocatalysis, absorption or cytotoxicity of the 

photocatalysts. In comparison with other photocatalysts, the photocatalytic disinfection 

effect of pure SnS was relatively low due to its narrow bandgap and low charge separation 

efficiency. However, the disinfection effect of Bi2WO6 and SnS-Bi2WO6 composites were 

largely improved with visible light irradiation compared with the dark control group. After 

illumination for 60 min, the survival ratios in the presence of Bi2WO6 and SnS-Bi2WO6 

composites were 50% and 32%, respectively. These results are consistent with the 

photocatalytic performance of RhB degradation. The enhanced photocatalytic disinfection 

ability of SnS-Bi2WO6 composites may be attributed to the formation of the heterostructure, 

which favors charge separation and the generation of reactive oxidative species (ROS) [49]. 

It is reported that the ROS such as h+, •OH, and •O2
- could act on the surface of cells to 

degrade some component of bacterial cell membrane (i.e. polyunsaturated phospholipids) 

[50]. The cell rupture could cause function loss of the bacteria and eventually lead to cell 

death. Therefore, the synergetic effect between SnS and Bi2WO6 facilitates the separation 

of photogenerated charge carriers and thus improves the disinfection performance. 
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Figure 6.15. (a) Photocatalytic disinfection effect of different samples; and (b) photos of E. coli 

colonies which are cultured by the samples collected at different time during photocatalytic 

disinfection process. 

(a) 

(b) 

0 min 40 min 60 min 
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6.3.5 Mechanism exploration  

6.3.5.1 Roles of reactive species 

Investigating the roles of each reactive species is important to the understanding of 

photocatalytic mechanisms. As a result, IPA, TEOA and N2 bubbling were added to the 

reaction system to explore the roles of •OH, holes and •O2-, respectively. As demonstrated 

in Fig. 6.16, almost all RhB can be removed within 40 min in the absence of scavengers. 

Different quenching effects can be founded after adding various scavengers. IPA only 

exhibited little influence on the photocatalytic activity; in contrast, a dramatic inhibiting 

effect can be observed after the addition of TEOA. This phenomenon indicated that the 

photogenerated holes played a dominant role in the photocatalytic degradation process and 

may directly oxidize pollutants instead of forming •OH. When N2 bubbling was applied, 

only 31% RhB was removed within 40 min. all these results revealed that holes and •O2- 

are the main oxidative species in the photocatalytic degradation process. 

 

Figure 6.16. Photocatalytic degradation performance of 0.50 SB in the presence of different 

scavengers. 
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6.3.5.2 Electrochemical analysis 

Photoelectrochemical properties for Bi2WO6 and 0.50 SB electrodes were measured in a 

0.5 mol/L Na2SO4 solution, and results were shown in Fig. 6.17. Electrochemical 

impedance spectroscopy (EIS) was employed for the explorations of both the charge 

transfer properties in the electrolyte and electrode interface and charge separation 

efficiency. EIS Nyquist plots were depicted in Fig. 6.17a, and only one arc was observed 

for each plot, indicating that both photocatalytic processes were just simple electrode 

reactions. In addition, a smaller arc radius correlated to higher charge carriers’ separation. 

To quantitively evaluate the charge carriers’ separation efficiency, an equivalent circuit 

was shown in the inset of Fig. 6.17a. Specifically, Rs, Rct and CPE represent resistance of 

the solution, resistance to electron transfer on the electrode, and constant phase element, 

respectively. The fitted values for these EIS parameters were calculated and shown in Table 

6.5. It can be found the values for both Rs and CPE were negligibly different between these 

two processes, as a same testing system was applied. Rct for 0.50 SB electrode was about 

half of that for Bi2WO6 electrode. This result indicates with SnS loading, the charge carriers’ 

separation efficiency was greatly improved. Furthermore, Bode-phase spectra were shown 

in Fig. 6.17b. The characteristic frequency peak (fmin) of Bi2WO6 shifted from 0.464 to 

0.215 Hz after being decorated with SnS. Using Equation 6, the lifetime of injected 

electrons (τ) can be estimated, and the calculated results were shown in Table 6.5. The 

enhancement in the lifetime of injected electrons may be due to the suppressed 

recombination of photogenerated charge carriers. To further study the photoelectric 

response of Bi2WO6 and 0.50 SB under light on and off conditions, the transient 

photocurrent was tested in 0.5 mol/L Na2SO4 solution at 0.0 V vs SCE, and results were 
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shown in Fig. 17c. Uniform and fast photocurrent responses were observed for both 

electrodes, and the responses were reversible. Upon illumination, the photocurrent density 

on 0.50 SB electrode is approximately 4-fold higher than that on pure Bi2WO6 electrode. 

The apparent increase in photocurrent density may be resulted from suppressed 

recombination of photogenerated charge carriers, which further confirmed that the loading 

of SnS was in favor of improving the photocatalytic activity by suppressing the 

recombination of charge carriers. 

Mott-Schottky (M-S) plots of Bi2WO6 and 0.50 SB electrodes in dark were shown in Fig. 

6.17d. It can be found that both as-prepared Bi2WO6 and SnS are n-type semiconductors. 

Flat-band potential (EFB) can be calculated using Equation 7, where C is the semiconductor 

space charge layer capacitance (cm4/F2), ND is donor density (cm-3), e is element charge (= 

1.602 × 10-19C), ε0 is the vacuum permittivity (= 8.85 × 10-14 F/cm), εr is the dielectric 

constant of the semiconductor (for Bi2WO6, εr ≈ 50 [51]), E is the applied potential (V vs 

SCE), κ is Boltzmann constant (= 8.617 × 10-5 eV/K), and T represents temperature (= 

293.15 K). The flat-band potential can be calculated from the intercept by extrapolating the 

linear part of the M-S plot as shown in Fig. 6.17d. Flat-band potentials for Bi2WO6 and 

0.50 SB were shown in Table 6.5 and are equivalent to 0.219 and -0.161 V vs NHE (-0.025 

V and -0.405 V vs SCE), respectively. The negative shift of the flat-band potential for 

Bi2WO6 after decoration with SnS may be due to the more negative flat-band potential for 

SnS (~ -0.381 V vs NHE). The donor density, ND, is derived by the slope of the M-S plot 

and can be calculated via Equation 8 [52, 53]. The donor densities for Bi2WO6 and 0.50 

SB were about 2.823 ×1020 cm-3 and 7.424 ×1020 cm-3, respectively. It indicated that there 
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was a higher carrier density after loading SnS on Bi2WO6, which may be due to more 

defects being produced on SB composites, leading to a higher photocatalytic activity. 
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Figure 6.17. (a) EIS Nyquist plots, (b) Bode plot curves, (c) transient photocurrent response 

and (d) Mott-Schottky plots of Bi2WO6 and 0.50 SB electrodes. 
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Table 6.5. EIS fitting results, lifetime of photogenerated charge carriers, and band structure 

parameters for different electrodes. 

Electrode Rs (Ω) Rct (kΩ) CPE (μF) fmin (Hz) τ (ms) EFB (V vs NHE) ND (cm-3) 

Bi2WO6 47.74 44.10 235.8 0.464 343.2 0.219 2.823×1020 

0.50 SB 44.46 20.81 667.8 0.215 740.6 -0.161 7.424×1020 

6.3.5.3 Mechanism of photocatalytic reactions. 

The band configuration could greatly impact the photocatalytic activity and mechanism in 

terms of redox capacity and recombination rate of photoinduced charge carriers [54]. To 

explore the band positions of prepared samples, the Mulliken electronegativity concept 

were used and expressed as (Equations 9 and 10) [7, 55]:  

0.5e

CB P gE E E    

 

Equation 9 

 

VB CB gE E E   

 

Equation 10 

 

Where Ee is the energy of free electrons on the hydrogen scale (~4.5 eV); Eg is the band 

gap energy of semiconductor; and χp is the absolute electronegativity of the semiconductor 

which can be determined by the geometric mean of the electronegativities of the constituent 

atoms. The calculated conduction band potential (ECB) and valence band potential (EVB) 

were summarized in Table 6.6. The corresponding band positions and possible 

photocatalytic mechanism were depicted in Fig. 6.18. Although the band alignments of 

SnS-Bi2WO6 composites are consistent with type-II heterojunction, the type II electron-

hole pairs separation and migration is not proposed to occur because the electrons on the 

conduction band of Bi2WO6 is not negative enough to produce •O2- or other hydro oxygen 
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radicals (e.g. •HO2 and H2O2) [56, 57]. However, in the aforementioned quenching 

experiments, oxidizing agents may be produced from oxygen. Hence, a more efficient Z-

scheme heterojunction may be fabricated in this work. Upon illumination, both SnS and 

Bi2WO6 can be activated and generate electron-hole pairs. The electrons on the CB of 

Bi2WO6 and holes on the VB can be recombined, and thus holes and electrons could 

eventually accumulate on the VB of Bi2WO6 and CB of SnS, respectively. This 

phenomenon agreed well with the previous reports [44, 58]. By this means, electrons and 

holes can be spatially separated without compromising their redox potentials. As a result, 

holes on the VB of Bi2WO6 could directly oxidize organic pollutants or inactive cells. A 

small fraction of holes may also oxidize H2O to form •OH, which could also participate in 

the photocatalytic process. Electrons on the conduction band of SnS were not capable of 

reducing O2 to produce •O2
-, as the position of conduction band bottom is more positive 

compared to the redox potential of O2/•O2
-. While electrons left on the CB of SnS could 

reduce the adsorbed O2 to •HO2, and H2O2, which could further degrade organic pollutants 

or damage cells.  

Table 6.6. Bandgap energy and band positions of Bi2WO6 and SnS 

Composite Eg (eV) χ (eV) ECB (eV) EVB (eV) 

Bi2WO6 2.82 6.20 0.29 3.11 

SnS 1.42 5.13 -0.08 1.34 
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Figure 6.18. Proposed photocatalytic mechanisms of SnS-Bi2WO6 composites and possible 

photogenerated electron-hole pair transfer and separation process. 

6.4 Conclusions 

SnS nanoplates were successfully deposited on the surface of Bi2WO6 via a simple bath 

sonication method. According to the quenching experiment, a possible Z-scheme 

heterostructure may be fabricated and the main oxidative species in the photocatalytic 

degradation process were holes and hydro oxygen radicals (e.g. •HO2 and H2O2). 

Compared with pure SnS and Bi2WO6, SnS-Bi2WO6 hybrid composites exhibited 

enhanced photocatalytic activity in both dye degradation and disinfection experiments. The 

enhanced photocatalytic activity may be attributed to the efficient Z-scheme system, which 

could facilitate charge separation without compromising redox capacity. In addition, the 

narrow band gap of SnS may also improve light harvesting and thus further promote 



189 

 

photocatalytic performance of SnS-Bi2WO6 composites. The good photocatalytic 

performance indicated that the as-prepared heterostructure could be a promising candidate 

for wastewater treatment. 
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Abstract 

Photocatalysis is a process to convert light energy into chemical energy. And 

photocatalysis has been widely implemented into various areas, such as energy storage and 
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environmental remediation. In this work, we focused on photocatalytic oxidation of organic 

pollutants in water on a new composite, i.e. BN-Bi2MoO6. The result suggests BN 

nanosheets may be an excellent co-catalyst in boosting the photocatalytic activity of the 

substrate (Bi2MoO6) in the decomposition of organics in water under visible light. This 

work sheds a light on addressing the importance of two-dimensional materials to supress 

the recombination of photogenerated charge carriers, therefore to improve the visible light-

induced photocatalytic activity. 

7.1 Introduction 

Photocatalysis has been extensively explored in energy storage and environmental 

remediation in recent years [1]. As one of the advanced oxidation processes (AOPs), 

photocatalysis exhibits great potentials in water/ wastewater treatment. As for the intrinsic 

property of TiO2, the band gap is too wide to be responsive to visible light. In aiming to 

expand the utilization of solar spectrum, various visible light-responsive (VLR) 

semiconductors have been developed and investigated. Bismuth-based semiconductors 

(BBS), as a group of promising VLR photocatalysts, have been widely studied by our group 

and other groups [2-6]. Bi2MoO6, as one of BBS has been found with a suitable band gap 

(~2.6 eV) for VLR photocatalysis. However, as for the high recombination of 

photogenerated charge carriers, the quantum yield of Bi2MoO6-based photocatalytic 

system is still pretty low. Approaches to supress the recombination of charge carriers are 

required to improve the photocatalytic activity of Bi2MoO6. We recently reported on few-

layered MoS2 nanosheets deposited onto Bi2MoO6 with enhanced VLR photocatalytic 

activity [7, 8]. Other two-dimensional materials were also reported as an excellent 

cocatalyst to supress the chargers’ recombination, such as graphene, carbon nitride (C3N4) 
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and boron nitride (BN) [9-14]. BN nanosheet was reported as an efficient carrier transfer 

promoter and stabilizer to enhance the photocatalytic performance of the substrate [15-17]. 

In this work, BN nanosheets were prepared based on the reported method [18], and  loaded 

onto Bi2MoO6 so as to improve its photocatalytic activity. This is the first time a report on 

BN- Bi2MoO6 composites is applied in photocatalysis. 

7.2 Experimental 

7.2.1 Synthesis of Bi2MoO6 

All chemicals were purchased from Fisher Scientific (Canada) unless otherwise mentioned, 

and used as received. Bi2MoO6 microspheres were prepared using a solvothermal method 

as we reported previously [8]. Typically, 1.69 g of Bi(NO3)3•5H2O and 0.42 g of 

Na2MoO4•2H2O were separately mixed with 5 mL ethylene glycol (EG) under 

magnetically stirring. Subsequently, the above solutions were sequentially dropwise added 

to 20-mL ethanol. After magnetically stirring for 30 min, the suspension was transferred to 

a 45-mL Teflon-lined stainless-steel autoclave and heated up to 160°C for 20 h. Once the 

autoclave was naturally cooled down to room temperature, the obtained samples were 

filtered out and washed with ethanol and ddH2O (deionized, distilled water) for several 

times to remove possible organic and ionic species. After that, as-prepared samples were 

dried at 60°C overnight. 

7.2.2 Synthesis of few-layer BN  

Few-layer BN were prepared using a liquid exfoliation of BN powders [18]. In a typical 

process, 50 mL of BN powders were dispersed in isopropanol (IPA) with an initial 

concentration of 3 mg/mL in a 100-mL round bottomed flask. The suspension was then 
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sonicated using a sonic bath for 24h, and the temperature of the sonic bath was kept at 

~4°C. After sonication, the suspension was centrifuged at 1500 rpm for 45 min, and the 

supernatant was decanted for further use. The concentration of the obtained BN was 

estimated using a UV-Vis spectrometer at 300 nm (absorption coefficient: α = 2367 mL 

mg-1 m-1). 

7.2.3 Synthesis of BN- Bi2MoO6 composites 

BN-Bi2MoO6 composites were synthesized by a simple bath evaporation method, as we 

previously reported [19, 20]. Specifically, 0.50 g of Bi2MoO6 were dispersed in 30 mL 

hydrous ethanol (50% v/v of ethanol in deionized distilled water), and a designated amount 

of layered BN was added dropwise into the Bi2MoO6 suspension, and the suspension was 

then heated at 60°C and continually stirred until the solvent was completely evaporated. 

The samples were collected and dried at 60 °C overnight. BN-Bi2MoO6 composites with 

different BN to Bi2MoO6 weight ratios (0.5, 1.0 and 2.0 wt.%) were synthesized. 

7.2.4 Characterization 

Morphology of prepared samples were investigated using a field-emission scanning 

electron microscope (FE-SEM, JEOL JSM-7500F) and a transmission electron microscope 

(JEM-2100F FE-TEM (JEOL)). The Park AFM NX10 unit was used to carry out atomic 

force microscopy (AFM) measurements. The liquid sample solution was prepared by using 

an ultrasonicator at 80 kHz for 5 minutes. A single droplet was then placed on a piece of 

Silicon prime polished wafer and set to evaporate. The remaining particulates were 

measured with AFM. X-ray powder diffraction (Bruker-AXS, Karlsruhe, Germany) 

patterns of samples were collected with filtered Cu-Kα radiation (λ = 1.5418 Å) from 5°–
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90° (2θ). An XSAM-800 X-ray Photoelectron Spectroscope (XPS) was employed to 

analyze the surface chemical composition and the chemical sates of selected samples. The 

Brunauer, Emmett and Teller (BET) surface area of the samples were calculated using 

multi-point estimation. The pore volumes were calculated using the volumes of adsorbed 

N2 at p/po = 0.9941. Barrett-Joyner-Halenda (BJH) method was used for the desorption 

branch to calculate the pore size data (dp) using Equation 1 (where V/As is a ratio of volume 

to surface area of pores) as follows, 

4p

s BJH

V
d

A

 
  

 

 
Equation 1 

A thermos Evolution 300 spectrophotometer was applied to detect the ultraviolet-visible 

diffuse reflectance spectra (DRS). Electrochemical properties of prepared samples were 

analyzed on a CHI 604E electrochemical analyzer (CH Instruments Inc., USA) with a 

platinum wire as a counter electrode, a calomel reference electrode and a working electrode. 

The working electrode composed of indium tin oxide (ITO, 75 × 25 × 1.1 mm, 15–25 Ω, 

Sigma-Aldrich Canada Co.), glass coated with the prepared samples. Electrochemical 

impedance spectroscopy (EIS) was performed with frequencies in the range of 0–

1,000,000 Hz and a sinusoidal wave of 5 mV. The electrolyte used was Na2SO4 with a 

concentration of 5 mmol/L. Photoluminescence spectra of the samples were recorded with 

a Hitachi F-7000 fluorescence spectrophotometer. 

7.2.5 Electronic structure calculation 

The DFT simulations for the influence of the number of BN layers on the band structure 

were performed using the Vienna ab initio simulation package (VASP) [21, 22]. The ion-
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electron interaction is described with the projector augmented wave (PAW) method [23]. 

Electron exchange-correlation is represented by the function of Perdew, Burke, and 

Ernzerhof (PBE) of generalized gradient approximation (GGA) [24]. A cut-off energy of 

400 eV was used for the set plane-wave basis. An open-source software for VASP 

visualization, P4VASP written by Orest Dubay (http://www.p4vasp.at) has been used for 

the analysis of electronic band structures. 

7.2.6 Photocatalytic activity test 

Photocatalytic activity of as-prepared samples were evaluated with regard to the 

degradation of rhodamine B (RhB) under visible light irradiation. The light source was 

provided by a 300-W halogen tungsten projector lamp (Ushio) equipped with a UV cut-off 

filter. The irradiation intensity on the surface of the solution was measured by a quantum 

meter (Biospherical QSL-2100, 400 < λ < 700 nm) to be 1.1 × 10-2 Einsteins m-2 s-1. 

Typically, in each test, 1.0 g/L photocatalyst were added into a 100 mL RhB solution with 

an initial concentration of 10 mg/L. The mixture was magnetically stirred in the dark for 

30 min to reach an adsorption/desorption equilibrium prior to the photocatalysis 

experiment. Afterwards, 1 mL of aliquots was collected and centrifuged every 10 min. The 

resulting supernatant was tested at 554 nm (characteristic absorption peak of RhB) by a 

UV–vis spectrophotometer (Genesys 10 UV, Thermo Scientific) to determine the 

concentration of RhB. Meanwhile, the total organic carbon (TOC) of samples collected at 

0min, 60min and 120min were investigated by an Apollo 9000 TOC analyzer equipped 

with a Non-Dispersive Infra-Red (NDIR) detector at a combustion temperature of 750 °C. 

The UV–vis adsorption spectra of resulting supernatant ranging from 300-650 nm was also 

obtained using a UV–vis spectrophotometer (Biochrom Ultrospec 60) to analyze the 
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photocatalytic degradation process of RhB. Photocatalytic degradation of phenol was also 

carried out. Typically, for each batch, 0.10 g of photocatalyst was mixed with 100 mL of 

phenol solution (10 ppm) in a 500 mL beaker. Before illumination, the reaction mixture 

was magnetically stirred for 60 min to reach the adsorption/desorption equilibrium. After 

that, aliquots were collected every 1 h and the concentration of the supernatant was 

analyzed by a high-performance liquid chromatograph (HPLC, Agilent 1100 series) 

equipped with a UV–vis detector. A ZORBAX Eclipse Plus C18 column (4.6 × 250 mm) 

was used at a temperature of 60°C. The detecting wavelength was fixed at 270 nm for the 

detection of phenol and possible intermediates. The flow phase was composed of methanol 

(55%, V/V) and water (45%, V/V) at a flow rate of 0.6 mL/min. The injection volume was 

set to 25 μL.  

The reusability of the prepared sample (1.0 wt% BN-Bi2MoO6) was also studied by 

separating the photocatalysts from the suspension following a single run. Catalysts were 

then mixed with fresh wastewater to start another run. Three runs were performed in total 

for these tests. Quenching experiments were performed to analyze the roles of each reactive 

oxidative species (ROS). Specifically, 0.1 M iso-propanol (IPA), 10 vol% triethanolamine 

(TEOA) and N2 bubbling were used to trap hydroxyl radicals (•OH), holes and superoxide 

radicals (•O2
-), respectively. Each scavenger was mixed with the RhB solution before the 

test, and then tested with same procedures as described in the photocatalytic degradation 

of RhB. 
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7.3 Results and Discussions 

7.3.1 Morphologies 

Morphologies of as-prepared samples were investigated using SEM (Fig. 7.1a and 7.1b) 

and TEM (Fig. 7.1c and 7.1d). It can be found that as-prepared Bi2MoO6 exhibited a 

flower-shaped hierarchical microsphere structure with an average diameter of 2-4 µm. 

With surface modification of BN, the primary structure of Bi2MoO6 was negligibly 

influenced (Fig. 7.1b), and small flakes were covered on the surface of Bi2MoO6 (Fig. 7.1d). 

It suggests that the layered BN were successfully prepared and loaded onto the Bi2MoO6 

microspheres. The TEM image of BN (Fig. 7.1c) further confirmed the as-prepared BN 

sheets have a layered structure. According to the AFM image and corresponding height 

profile of selected area (Fig. 7.1e), the thickness of the BN layers ranged from 20 to 27 nm. 

It should be noted that the BN layers were stacked together, instead of single BN layer 

present on the surface, which is favorable of improving the light photons capture. The 

effect of the number of BN layers on the optical properties was explored by band structure 

simulation using DFT, and the computed results were shown in Table 7.1. For a bulk BN, 

the band gap energy was 4.47 eV. In comparison, the band gap value for a single-layer BN 

was increased to 5.58 eV. And the increase of the layer numbers will narrow the band gap 

values. This result suggests the more the BN layer numbers, the lower activation energy 

required to initiate a photocatalytic process. 
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Table 7.1. Band structures and band gap energies for BN (bulk) and layered BN sheets. 

Compounds BN (bulk) BN (one-layer) BN (two-layer) BN (five-layer) 

Band 

structure 

    

Band gap 4.47 eV 5.58 eV 5.23 eV 4.92 eV 

 

 

BN 

Bi2MoO6 
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Figure 7.1. SEM images of (a) Bi2MoO6 and (b) BN-Bi2MoO6; TEM images of (c) BN sheets 

and (d) BN-Bi2MoO6 composites; and (e) AFM image of layered BN sheets and the height 

profile among the red line indicated. 

7.3.2 Crystal structure and surface chemical composition analysis 

Crystal structure and surface compositions of as-prepared samples were measured using 

XRD and XPS, respectively, and the results were illustrated in Fig. 7.2. For the XRD 

patterns for pure Bi2MoO6 (Fig. 7.2a), all diffraction peaks were well indexed to the 

orthorhombic phase of Bi2MoO6 (PDF card #:72-1524) indicating a good crystallinity of 

prepared Bi2MoO6 sample. Loading of BN sheets, influences on the Bi2MoO6 lattice 

structure insignificantly. It indicated that BN may only loaded on the surface of Bi2MoO6 

instead of covalently anchoring into the Bi2MoO6 lattice [8, 25]. To further confirm the 

successfully loading of BN on the surface of Bi2MoO6, XPS was employed to analyze the 

surface chemical compositions. In the survey spectra as shown in Fig. 7.2b, no impurity 

peaks were found for both samples. Compared with the survey spectrum of pure Bi2MoO6, 

the peak for N was observed in the survey spectrum of BN-Bi2MoO6, indicating the 

successful loading of BN onto Bi2MoO6. In the high-resolution XPS spectra for N and B, 

as shown in Fig. 7.2c and 7.2d, respectively, a shoulder peak for N1s and a peak for B 1s 

(e) 



208 

 

were separately observed. Specifically, the peak of N 1s at 400.59 eV and the peak of B 1s 

at 188.49 eV can be assigned to the N3- and B-N bond, respectively [26], which confirmed 

that the BN were successfully loaded onto the Bi2MoO6. 

  

 

Figure 7.2. (a) XRD patterns and (b) XPS survey spectra for Bi2MoO6 and BN-Bi2MoO6; high-

resolution XPS orbital scans of (c) Mo3p and (d) B1s for BN-Bi2MoO6. 

7.3.3 N2 sorption isotherms 

To explore the surface properties, including surface area as well as pore size and volume, 

N2 sorption isotherms for prepared samples were investigated and depicted in Fig. 7.3. For 

(a) (b) 

(c) (d) 
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both isotherms, an inflexion point close to the saturation vapor pressure was observed, 

suggesting both isotherms were attributed to type-IV physisorption isotherm. This 

adsorption behavior is generally given by a mesoporous material associated with the 

capillary condensation process. Hysteresis loop was observed for both isotherms, and may 

be identified as an H3 loop, indicating that the samples are plate-shaped particles with slit-

like pores [27, 28]. This morphology was confirmed by the SEM and TEM images. 

Quantitively, BET (Brunauer-Emmett-Teller) surface area, pore volume, and average pore 

size were calculated from the isotherms and summarized in Table 7.2. A reduction of BET 

surface area from 31.7 m2/g to 30.0 m2/g after BN loaded on Bi2MoO6 may be resulted 

from the BN sheets blocked the slit-shape pores [20]. However, both pore volume and 

average pore size were slightly increased, which may be due to more slit-shape pores 

formed between BN sheets and Bi2MoO6. A reduced surface area may lead to less 

adsorption sites and lower photocatalytic activity. However, as indicated by the 

photocatalytic degradation experiments, this effect was negligible compared to the 

improvement in charge separation given by the BN coupling. 
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Figure 7.3. N2 sorption isotherms for Bi2MoO6 and 1.0% BN-Bi2MoO6. 

 

Table 7.2. Specific surface area, pore volume, and average pore size of Bi2MoO6 and 1.0% BN- 

Bi2MoO6. 

Sample SBET (m2/g) Pore volume (cm3/g) Average pore size (nm) 

Bi2MoO6 31.7 0.17 21.6 

1.0% BN- Bi2MoO6 30.0 0.19 23.3 

 

7.3.4 Optical properties 

To evaluate the optical properties of as prepared samples, DRS was employed to determine 

the absorption properties and band gap energy, and results of which were illustrated in Fig. 

7.4. All samples showed light adsorption within the scope of ultraviolet-vis spectrum. The 
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adsorption edge of Bi2MoO6 is around 489 nm, while pure BN displayed weaker light 

adsorption than pure Bi2MoO6. As a result, the light adsorption capacity of BN-Bi2MoO6 

composites was slightly decreased compared with pure Bi2MoO6 across the entire spectrum. 

These results indicated that the as-prepared BN-Bi2MoO6 composites can be used as visible 

light-responsive photocatalysts. The bandgap energy of pure BN, pure Bi2MoO6, 0.5% BN, 

1.0% BN, and 2.0% BN were estimated to be around 5.54, 2.53, 2.55, 2.58, and 2.60 eV 

respectively, based on the Kubelka-Munk method [29]. It revealed that the increasing 

content of BN can lead to the larger bandgap energy of BN-Bi2MoO6 composites due to 

the intrinsic wide band gap of BN. This results agreed well with other reports [15]. 

Compared to the great improvement in the charge carriers’ separation, the slightly increase 

in the band gap value negligibly influence on the photocatalytic activity. 

 

Figure 7.4. UV–vis diffuse reflectance spectra of pure Bi2MoO6, BN-Bi2MoO6 composites and 

BN (inset). 
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7.3.5 Photocatalytic activity test 

The photocatalytic activities of prepared samples were evaluated with regard to the 

degradation of RhB under visible light, and testing results were shown in Fig. 7.5a. Under 

illumination, BN-Bi2MoO6 composites exhibited enhanced photocatalytic activity compare 

to pure Bi2MoO6, indicating a positive synergetic effect between BN and Bi2MoO6. 

Specifically, the RhB removal efficiency increased as the BN to Bi2MoO6 weight ratio 

increased from 0.5% to 1.0%. However, the further increasing BN to Bi2MoO6 weight ratio 

led to the slightly decreased rate of removal. This phenomenon may be due to the large 

quantity of BN, which is irresponsible to visible light, blocking the visible-light absorption 

by Bi2MoO6, so as to reduce the generation of photoinduced charge carriers [30]. The 

highest removal efficiency was reached when the BN to Bi2MoO6 weight ratio is 1.0%. 

After illumination for 120 min, almost 100% RhB was removed in the presence of 1.0% 

BN-Bi2MoO6, whereas about 80% RhB was removed in the presence of pure Bi2MoO6. 

Therefore, the suitable loading amount of BN could facilitate the charge generation and 

separation rate of the BN-Bi2MoO6 composites. 

The temporal evolution of the spectral changes that occurred during the photocatalytic 

degradation of RhB in the presence of BN-Bi2MoO6 was depicted in Fig. 7.5b. The blue 

shift of the major peak wavelength suggested that a step-by-step N-deethylation process 

predominates during the initial photocatalytic degradation process [8, 20]. The 

characteristic adsorption peak wavelengths at 539, 522, 510 and 498 nm represent 

intermediates of each N-deethylation step, which are N,N,N’-triethyl-rhodamine, N,N’-

diethyl-rhodamine, N-ethyl-rhodamine and rhodamine, respectively [31-35]. After 120 min, 

the peak intensity of complete N-deethylated product (rhodamine) decreased due to the 
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cleavage of the aromatic chromophore structure. Deethylation was the first step in the 

decomposition of RhB, and converted RhB into rhodamine (Fig. 7.7). The second step, 

ring cleavage, was explored by measuring the relative TOC removal ratios, results were 

illustrated in Fig. 7.6. There were around 18% and 30% of TOC removed from the 

photocatalytic processes over 120 min in presence of pure Bi2MoO6 and BN-Bi2MoO6, 

respectively.  This indicates that RhB may be decomposed into small molecules (e.g. CO2 

and H2O) with a prolonged reaction time. And BN loaded on the surface promoted the 

photocatalytic mineralization of organics in water under visible light. 

  

Figure 7.5. (a) Photocatalytic degradation of RhB in the presence of different samples under 

visible light, and (b) UV-Vis spectral changes of RhB during photocatalytic degradation 

process. 

(a) (b) 
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Figure 7.6. TOC removal ratios in photocatalytic processes with Bi2MoO6 and BN-Bi2MoO6 

under visible light irradiation. 

 

Figure 7.7. Pathways of RhB in photocatalytic decomposition process. 

Reusability of as-prepared sample was evaluated by recycling use of the BN-Bi2MoO6for 

three runs in the decomposition of RhB under visible light. Concentration profiles of RhB 

were plotted in Fig. 7.8. Complete removal of RhB can be obtained for all these three runs. 

A negligible difference among these three profiles suggests the high stability of BN-

Bi2MoO6 composites in the photocatalytic degradation of organics. A slight reduction in 

the adsorption may be resulted from some refractory intermediates adsorbed on the surface 
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of the catalysts, which will further reduce the number of reactive sites in the following run. 

The high reusability of BN-Bi2MoO6 composites make them an attractive candidate for use 

as visible light-responsive photocatalysts. 

 

Figure 7.8. Recycling tests of BN-Bi2MoO6 sample in the degradation of RhB under visible 

light. 

As the dye self-sensitization contributed to the decomposition of RhB in photocatalysis, a 

colorless organic, phenol was used as a probe molecule to evaluate the performance of BN 

loaded on Bi2MoO6 [36, 37]. The concentration of phenol during the photocatalytic 

processes in presence of pure Bi2MoO6and BN-Bi2MoO6was illustrated in Fig. 7.9. There 

were approximately 4% and 16% of phenol removed from the systems over 300 min with 

Bi2MoO6 and BN-Bi2MoO6, respectively. This result further confirms the effectiveness of 
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loading BN on the surface of Bi2MoO6 to improve its photocatalytic activity in the 

decomposition of organics in water under visible light. 

 

Figure 7.9. Photocatalytic degradation of phenol in presence of Bi2MoO6 and BN-Bi2MoO6 

under visible light. 

7.3.6 Electrochemistry analysis 

To explore the interface charge separation efficiency, electrochemical impedance 

spectroscopy (EIS) was measured, and the EIS Nyquist plots of Bi2MoO6 as well as BN-

Bi2MoO6 composites under visible light were shown in Fig. 7.10a. Only one semicircle is 

observed for each EIS Nyquist plot, indicates these photocatalytic process in the presence 

of prepared samples may be a simple electrode reaction that only involved in the surface 

charge transfer [38, 39]. And the photogenerated electrical carriers transfer rate is able to 

be determined by their recombination rate. The diameter of the arc in the EIS Nyquist plot 
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determines the resistance of the photocatalyst electrode [40, 41]. And the larger diameters 

resulting in higher values of resistance. It can be observed that with loading of BN on the 

surface of Bi2MoO6, the resistance on the photocatalyst electrode (Rs) was reduced from 

15047Ω (pure Bi2MoO6) to 9685Ω (BN-Bi2MoO6), which suggest the charge carriers’ 

separation was greatly improved, and so as to improve the photocatalytic activity.  

The transient photocurrent response of pure Bi2MoO6 and BN-Bi2MoO6 composites were 

also recorded under visible light (Fig. 7.10b). The reproducible photocurrent of both 

samples indicated that the prepared electrodes are stable. Moreover, the photocurrent 

intensity of BN-Bi2MoO6 composites was more than 2 times higher than that of pure 

Bi2MoO6, which is consistent with the results of RhB degradation. Due to the proportional 

relationship between the photocurrent and the separation efficiency of photogenerated 

charge carriers, it can be deduced that the incorporation of BN could successfully suppress 

the charge recombination and improve the photocatalytic activity [42, 43]. 

  

Figure 7.10. (a) EIS Nyquist plots for prepared samples, and (b) proposed photocatalytic 

process with presence of BN-Bi2MoO6. 

(a) (b) 
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7.3.7 Band energy level analysis 

Energy band configuration plays an important role in the photocatalytic mechanisms in 

respect of the charge transfer and separation as well as redox capacity of photogenerated 

charge carriers. As a result, the band position were calculated by the following equations 

(Equation 2 and 3) [44, 45]: 

0.5e

CB P gE E E    Equation 2 

VB CB gE E E   Equation 3 

Where, ECB and EVB are the bottom of the conduction band (CB) and the top of the valence 

band (VB), respectively; χp is the electronegativity of the semiconductor which can be 

estimated by the geometric mean of the electronegativities of the constituent atoms; Ee 

represents the energy of free electrons on the hydrogen scale (~4.5 eV); and Eg is the band 

gap energy of the semiconductor. The corresponding results were summarized in Table 7.3. 

Table 7.3. Bandgap energy and band positions of Bi2MoO6 and BN 

Composites Eg/eV χp/eV Ee/eV ECB (vs NHE)/eV EVB (vs NHEa)/eV 

Bi2MoO6 2.53 6.13 4.50 0.37 2.90 

BN 5.54 5.58 4.50 -1.69 3.85 

 

7.3.8 Mechanism exploration 

To confirm the effective oxidative species in the decomposition of organic pollutants when 

BN-Bi2MoO6 applied, three different scavengers, namely IPA, TEOA and N2 were selected 
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to supress the formation of hydroxyl radicals (•OH), holes (h+) and superoxide radicals 

(•O2
-), respectively, and the results were illustrated in Fig. 7.11. When IPA added in the 

solution, the degradation rate was negligibly influenced, indicating •OH played negligible 

role in this process. While the addition of TEOA, almost no RhB were decomposed over 

120 min, which suggests the significance of holes in this process. And with adding TEOA, 

photocatalytic degradation of RhB was also significantly suppressed. This result suggests 

•O2
- may also an effective species. As reported, in the testing system with pH 7, the redox 

potentials of electrons on the conduction band and holes on the valence band are -0.32 V 

and +2.34 V (vs. NHE) [46]. It suggests that holes on the valence band is very oxidative, 

but less positive to oxidize water to produce •OH (E•OH/H2O = 2.68 V), and electrons are 

negative enough to reduce oxygen to produce •O2
-. Even though holes on the valence band 

of BN are capable to oxidize water to produce •OH, but the wide band gap of BN resulted 

in the none visible light responsivity and with no production of separated holes. BN in this 

system may only serve as an electrons accepter, to confirm this, the photoluminescence 

(PL) spectra were recorded as shown in Fig. 7.12. PL emission arises from the 

recombination of photogenerated charge carriers, and the higher the PL intensity is, the 

lower separation rate of charge carriers is. It can be found that with combination of BN 

with Bi2MoO6, charge separation on Bi2MoO6 was greatly improved with lower PL 

intensity after excitation. This is a solid evidence to prove the effectiveness of BN in the 

improvement of photocatalytic activity via increasing the charge separation. 



220 

 

 

Figure 7.11. Photocatalytic degradation of RhB in the presence of BN-Bi2MoO6 and different 

scavengers. 

 

Figure 7.12. Photoluminescence spectra of Bi2MoO6 and BN-Bi2MoO6 excited by 

monochromatic light at wavelength of 290 nm at room temperature. 
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With all above-mentioned discussions, the proposed mechanism of the enhancement with 

loading BN on Bi2MoO6 was shown in Fig. 7.13. Specifically, under visible light, valence 

electrons of Bi2MoO6 may be activated by visible light photons, and jumped to its 

conduction band with positive holes left behind. The positive holes on the valence band 

were capable of reacting with adsorbed species, such as H2O, to produce highly oxidative 

species, such as HOO and HOO-. These free radicals as well as separated positive holes 

on the valence band were oxidative enough to decompose most of the organic pollutants in 

water. Meanwhile, electrons on the Conduction band of Bi2MoO6 may be transferred to the 

BN sheets, which will increase the charge carriers’ separation, and as a result, the 

photocatalytic activity of Bi2MoO6 was promoted with loading of BN sheets. 

 

 

Figure 7.13. Proposed photocatalytic mechanisms of BN-Bi2MoO6 composites and possible 

photogenerated electron-hole pair transfer and separation process. 
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7.4 Conclusions 

Layered BN were successfully prepared and loaded onto the surface of Bi2MoO6. The 

photocatalytic oxidizing activity of Bi2MoO6 was improved in the decomposition of 

organic pollutants in water. The mechanism of the enhancement may be resulted from the 

increase of the charge carriers’ separation, which was confirmed by the electrochemical 

test. This work provides a solid evidence that BN sheets may be an excellent cocatalyst in 

promote the visible light-induced photocatalytic activity of a photocatalyst. 
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Abstract 

In this work, we have developed a hydrothermal method to modify g-C3N4 with hydroxyl 

surface modification. Modified g-C3N4 has exhibited higher photocatalytic activity in the 

removal of phenolic compounds under visible light. The improvement may be due to the 

following merits: 1) Tuning of the hydrophobic surface of g-C3N4 to be hydrophilic; 2) 

improved adsorption energy, and 3) narrowed band gap for g-C3N4 after hydroxyl surface 

modification. This method is easy-to-operate, very effective in adding hydroxyl groups on 
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the surface of C3N4, and may be extended to other systems to promote their photocatalytic 

activities in water treatment. 

8.1 Introduction 

Graphitic carbon nitride (g-C3N4), as a fascinating conjugated polymer, has become a hot 

research topic [1]. As a metal-free photocatalytic semiconductor, g-C3N4 is very promising 

in energy storage and environmental remediation [2]. When g-C3N4 is implemented in 

photocatalytic water treatment, one of the hindrances is the hydrophobic properties of the 

surface. Photocatalysis is a process that occurs at the interface between the liquid and the 

solid phase, therefore, the adsorption of water as well as of the target pollutants is the first 

step and very significant. Surface modification may be an effective approach to improve 

the adsorption of water onto the surface of g-C3N4. Hydroxyl functional groups may be 

potential candidates in improving the hydrophilicity of C3N4 [3]. Our group had reported 

on the surface modification of C3N4 with hydroxyls using hydrogen peroxide (H2O2), and 

found that the photocatalytic activity of C3N4 was promoted [4]. Additionally, as reported 

by Li et al., that the photocatalytic activity of C3N4 treated in an ammonia solution was 

improved due to the hydroxyl surface modification [5]. Motivated by this work, we herein 

developed a hydrothermal method to modify C3N4 by the addition of hydroxyls onto the 

surface. The pH of the hydrothermal treatment solution was explored, and the insight into 

the photocatalytic activity improvement was performed and discussed in this work. 

8.2 Experimental 

All chemicals were purchased from Fisher Scientific (Canada) unless otherwise mentioned, 

and used as received. C3N4 was prepared by directly heating melamine in a semi-closed 
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system to prevent the sublimation of melamine [6]. Typically, 10 g of melamine powder, 

in a crucible with a cover, was heated up to 550 °C in a muffle furnace with a heating rate 

of 2.5 °C/min, and the further deamination treatment was performed for 4h. After the 

crucible was naturally cooled down to room temperature, the yellowish powder was 

mounted and collected for further use. The surface modification of C3N4 with hydroxyls 

was conducted by hydrothermal treatment. Typically, 0.3 g of C3N4 was first dispersed into 

a 35 mL solution under ultrasonication for 30 min. Then, the suspension was transferred to 

a 50 mL Teflon-lined autoclave, which was heated up to 160 °C for 4h. The autoclave was 

then allowed to naturally cool down to room temperature, and the precipitates in the 

suspension were separated out through centrifugation, and washed with deionized distilled 

water, several times. To explore the effect of the pH of the solution in the hydrothermal 

treatment, it was adjusted using NaOH (1 mol/L) and HNO3 (1 mol/L). 

Morphology of the as-prepared C3N4 was investigated by a transmission electron 

microscope (TEM, JEM-2100F). Crystal structures of the as-prepared samples were 

explored using an X-ray powder diffraction instrument (Bruker-AXS, Karlsruhe, 

Germany). An ultraviolet-visible light diffuse reflectance spectrophotometer (DRS) was 

employed to determine the optical properties of the as-prepared samples. Fourier transform 

infrared spectroscopy (FTIR) was also done at room temperature with a Cary 630 (Agilent 

Technologies). Zeta potentials of hydroxyl-modified C3N4 were tested using a Zetasizer 

(Malvern Panalytical). DFT simulations were performed using the Vienna ab initio 

simulation package (VASP) [7, 8]. The ion-electron interaction is described with the 

projector augmented wave (PAW) method [9]. The electron exchange-correlation is 

represented by the Perdew, Burke, and Ernzerhof (PBE) function of the generalized 
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gradient approximation (GGA) [10]. A cut-off energy of 450 eV was used for the plane-

wave basis set. The calculations were done on periodical supercells of the C3N4 monolayer 

with a 3 × 3 × 1 Monkhorst Pack k-point sampling. The charge density distribution and the 

distance between bonds were analyzed using VESTA [11]. 

The photocatalytic activity of as-prepared samples was evaluated with regard to the 

degradation of phenol under visible light irradiation. The light source was provided by a 

300-W halogen tungsten projector lamp (Ushio) equipped with a UV cut-off (Kenko Zeta, 

transmittance >90%) to filter out wavelength below 400 nm. Typically, in each test, 0.10 

g of photocatalyst was added into a 100 mL of phenol solution with an initial concentration 

of 10 mg (phenol)/L (pH 4.5). The mixture was magnetically stirred in the dark for 1h to 

reach an adsorption/desorption equilibrium prior to the photocatalysis experiment. After 

3h, 1 mL aliquots were drawn and centrifuged. The supernatant was analyzed using a high-

performance liquid chromatograph (HPLC, Agilent 1100 series) equipped with a UV-Vis 

detector. The total organic carbon (TOC) was evaluated on an Appollo 9000 TOC analyzer 

equipped with a non-dispersive Infra-Red (NDIR) detector. The combustion temperature 

was fixed at 750 °C. To explore the repeatability of the activity test, the photocatalytic 

activity for each sample was repeated for three times. 

8.3 Results and discussions 

The morphology of the as-prepared samples was investigated through TEM. As shown in 

the TEM image of C3N4 (Figure 8.1a), a layered structure was observed. Due to the 

ultrathin structure, the edge of the prepared C3N4 is partially curly, which is intended to 

decrease the surface tension. This is typical construction of exfoliated carbon scrolls by 
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peeling graphite [12]. After hydrothermal treatment, the morphology as shown in Figure 

8.1b was negligibly influenced. The crystal structure of pure C3N4 as shown in Figure 8.1c, 

two obvious peaks can be observed at the 2θ of 13.0° and 27.5°, which agree well with the 

hexagonal phase of graphitic C3N4 (JCPDS 87-1526) [2]. With hydroxyl group 

modifications, as shown in Figure 8.1c, the crystal structure of C3N4 was negligibly 

influenced, indicating that the hydrothermal treatment may not influence the crystal 

structure of C3N4. The O 1s high-resolution spectra in Figure 8.1d can be fitted with a 

single peak located at 529.44 eV for g-C3N4, corresponding to the O-H bond. After 

hydrothermal treatment, the peak was negatively shifted by 0.66 eV, which may have 

resulted from the hydroxyl group being bonded with g-C3N4. The optical properties of the 

as-prepared samples were investigated using DRS, as plotted in Figure 8.1e, and a rapid 

increase of the intensity was found with a decrease in the wavelength of the incident to 490 

nm. This may be due to the band transition. To evaluate the band gap energy for each 

sample, the classical Tauc equation was used as plotted in Figure 8.1f. It was found that 

the band gap for C3N4, as well as for hydroxyl-modified C3N4, was approximately 

equivalent to 2.54 eV. This confirms that there are no doped impurity energy levels within 

the band gap after the hydroxyl surface modification. 

  
(a) (b) 
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(c) (d) 

 
 

(e) (f) 

Figure 8.1. (a) TEM image of C3N4, (b) TEM image of C3N4 treated with a precursor solution 

with pH 5.5, (c) XRD patterns, (d) XPS scan for O 1s orbit, (e) DRS, and (f) (α×Ephoton)
1/2-

Ephoton curves for the as-prepared samples. 

To further explore the composition of the hydroxyl-modified C3N4, FT-IR spectra were 

used, and plotted in Figure 8.2a. The peak located at 810 cm-1 was assigned to the typical 

breathing mode of an s-triazine ring, and the peak located at 890 cm-1 may be due to the 

out-of-plane bending mode of N-H. A bunch of peaks located at the range of 1200–1700 
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cm-1 were ascribed to the stretching vibration modes of C-N and C=N heterocycles. The 

broad peak at 3000–3250 cm-1 may have resulted from the N-H stretching vibration of 

uncondensed amine and hydroxyl groups [13]. It can be found that the intensity of this peak 

increased when the pH of the solution increased. This phenomenon may be due to more 

hydroxyl groups being adsorbed on the surface of C3N4 in a solution with a higher pH; and 

the amine groups being possibly dissolved in a solution with a lower pH during the 

hydrothermal treatment, resulting in the reduction of the intensity of this peak. This is also 

confirmed by the fact that hydrothermal treatment in a solution with a high pH favors the 

addition of more hydroxyls onto C3N4. Zeta potentials for the as-prepared samples (Figure 

8.2b) were negatively shifted with an increase in the pH of the solution in the hydrothermal 

treatment. This suggests that the zeta potentials became more negative as the amount of 

hydroxyl groups increased. The more negatively charged surface of the catalyst favors the 

adsorption of organic pollutants in water, which improves the photocatalytic activity. 

 
(a) 
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(b) 

Figure 8.2. FT-IR spectra (full spectra and enlarged spectra), and zeta potentials for the as-

prepared samples. 

To further determine the mechanism of the hydroxyl modifications, DFT simulation was 

conducted, and the results were shown in Table 8.1. To determine the site on hydroxyl-

bonded C3N4, the free energies of the crystals were calculated. It was found that the free 

energy of the crystal with OH that was bonded to the carbon of C3N4 (OH-C) was lower 

than that of the crystal with OH that was bonded to the nitrogen of C3N4 (OH-N). This 

suggests that the crystal may be more stable when the OH was bonded with the carbon of 

C3N4. The distance between H2O and the site on C3N4 was also measured, and it was found 

that the distance was shortened when the C3N4 was modified with –OH. The adsorption 

energy of H2O also increased with the modification of –OH onto C3N4. This suggests that 

the hydroxyl modification may be very promising in the improvement of the photocatalytic 

activity of C3N4 by enhancing the adsorption between the H2O/organic and the 

photocatalyst surface. To further confirm this verdict, the photocatalytic activity of the as-

prepared samples was evaluated in the decomposition of phenol under visible light, the 
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results of which were shown in Figure 8.3. It was found that with hydroxyl modification, 

both the conversion of phenol and the TOC (total organic carbon) in the solution was 

enhanced. In addition, the improvement also increased with an increase in the number of 

hydroxyls on the surface. This provides solid evidence that hydroxyl modification was very 

effective in enhancing the photocatalytic activity of C3N4 through the improvement of the 

adsorption capacity. 

Table 8.1. Properties of hydroxyl-modified C3N4 and water adsorbed on the surface of C3N4 

with/without hydroxyl modification. (d is the distance between the atom in H2O and the 

adsorption site on C3N4). 

Composition Charge Density Distribution Free Energy (eV) d (Å) Eads (eV) 

C3N4 

 

-235.01 2.025 -0.67 

OH-C 

 

-243.98 1.936 -0.89 

OH-N 

 

-240.08 1.762 -1.07 
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Figure 8.3. Photocatalytic conversion of phenol in the presence of g-C3N4 and modified g-C3N4 

under visible light for 3h. (pH in this figure represents the pH of the solution in the 

hydrothermal surface modification, each data point and error bar represents the mean and the 

standard errors, respectively, of independent triplicates). 

8.4 Conclusions 

Hydrothermal treatment may be an effective approach in the modification of the surface of 

g-C3N4 via the addition of hydroxyl functional groups. The primary function of hydroxyls 

on the surface is to increase the adsorption rate of water, as well as that of organics in water. 

This improvement may directly improve the photocatalytic activity. This work provides an 

effective method to modify the surface with hydroxyls, which can be extended to other 

applications, such as for other semiconductors with a hydrophobic surface and in 

membrane science. 
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Abstract 

Graphitic carbon nitride (g-C3N4), a fascinating conjugated polymer, has drawn extensive 

attention as a metal-free, visible light-responsive photocatalyst in the areas of solar energy 

conversion and environmental remediation. In this work, the visible light-driven 

photocatalytic properties of g-C3N4 were enhanced by a simple surface hydroxyl 

modification without damage to its composite structure. A facile hydrothermal approach 
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was developed and systematically studied. The photocatalytic activity of hydroxyl-

modified g-C3N4 was evaluated with regard to the degradation of a group of refractory 

organic pollutants, phenol, and phenolic compounds in water under visible light. The 

enhancement of the photocatalytic activity of g-C3N4 after surface hydroxyl modification 

was assessed by experimental testing results and by theoretical studies using DFT. The 

following merits synergistically contribute to the improvement: 1) improved adsorption 

energy between organic pollutants and the surface of the photocatalyst; 2) reinforced 

hydrophilicity of the surface of g-C3N4; 3) positively-shifted valence-band potential; and 

4) improved charge separation in the formation of a heterostructure between g-C3N4 and 

OH-C3N4. This work provides an effective method to modify a surface with hydroxyl 

functional groups, so as to improve its photocatalytic activity of the support. 

9.1 Introduction 

Photocatalysis is a process where light energy is converted into chemical energy in the 

presence of a catalyst. The process has gained attention in recent years due to its 

applications in environmental remediation and energy storage. For energy storage 

photocatalysis, photogenerated electrons with a strong reductive capacity are used to 

reduce chemicals such as water, CO2 and N2 into highly valued products, such as H2, 

hydrocarbons and ammonia [1-3]. The flat-band potential of the conduction band plays a 

significant role in the photolysis implemented in energy storage, and a more negative 

conduction band potential favors the improvement of photocatalytic reduction processes. 

By contrast, for environmental remediation photocatalysis, a photocatalytic oxidization 

process occurs between the adsorbed species, such as organics and bacteria, and the 

photogenerated oxidative species. Notably, the photocatalytic reduction process is an ‘up-
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hill’ process, while the photocatalytic oxidation process is a ‘down-hill’ process [4]. As a 

result, photocatalysis implemented in energy storage is usually more challenging compared 

to that in environmental remediation. 

The properties of a photocatalyst are crucial in determining its viability for application in 

a given photocatalytic process. Since the discovery of the Honda-Fujishima effect in 1967 

[5], TiO2 has become the most studied and commercialized photocatalyst due to its superior 

properties, including its non-toxicity, low cost and straightforward synthesis [6-8]. 

However, the drawbacks of this material in practical applications are still apparent. The 

most well-known drawback of TiO2 is the intrinsically wide band gap that prevents TiO2 

from responding to anything but ultraviolet (UV) light. To fully utilize solar light, either 

modifications to TiO2 or the development of new materials with narrow band gaps is 

required. Among these newly-reported photocatalytic materials, graphitic carbon nitride 

(g-C3N4) is a fascinating conjugated polymer that has become the focus of new research 

and has drawn broad interdisciplinary attention as a metal-free, visible light-responsive 

photocatalyst in the area of solar energy conversion and environmental remediation [9]. 

Polymeric g-C3N4 consists of earth-abundant carbon and nitrogen elements and it is 

versatile in providing reactions to alter its surface activity without fundamentally changing 

its theoretical structure or composition. The discovery and implementation of g-C3N4 into 

photocatalysis was first reported in 2009 by Wang et al. [10] Since then, g-C3N4 has been 

extensively studied, and the superiorities of g-C3N4 in photocatalysis applications have 

been shown, including its facile synthesis, advantageous electronic band structure, high 

physicochemical stability and ‘earth-abundant’ nature [11-14]. Notably, g-C3N4 can be 

fabricated by a thermal polymerization of abundant nitrogen-rich precursors such as urea, 
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melamine, dicyandiamide, thiourea and ammonium thiocyanate [15]. For applications of 

g-C3N4 in photocatalytic oxidation processes, there still remain several challenges, namely, 

the high recombination of photogenerated charge carriers and the weak adsorption energy 

of organic pollutants. Aiming to overcome these problems, various approaches were 

adopted, such as surface modification [16], doping [17], formation of heterostructures [18] 

and fabrication of plasmonic photocatalysts [19]. 

We have reported on the surface modification of g-C3N4 by loading hydroxyl functional 

groups using hydrogen peroxide [20]. It was found that the photocatalytic activity of g-

C3N4 was greatly improved with the surface hydroxyl modification. In order to find an 

alternative method so as to simplify this process, and motivated by the work reported by 

Zhao et al. [21], we systematically studied hydroxyl surface modification when using a 

hydrothermal method. The photocatalytic activity of OH-modified g-C3N4 was evaluated 

by the degradation of a refractory organic pollutant, phenol, and phenolic compounds in 

water under visible light. 

9.2 Experimental 

9.2.1 Preparation of g-C3N4 

All chemicals were purchased from Fisher Scientific (Canada) and used as received unless 

otherwise mentioned. Bulk g-C3N4 was prepared via a simple thermal polycondensation 

method [10]. In a typical run, 10 g of melamine was put into a covered crucible and heated 

to 550°C at a rate of 2.5°C/min in a muffle furnace. Subsequently, the sample was 

maintained at 550°C for 4 h. The resulting powder was then ground, collected, and stored 

for further use. 
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9.2.2 Surface hydroxyl modification of g-C3N4 

Hydroxyl modified g-C3N4 was prepared by a hydrothermal method. In a typical run, 0.3 

g of g-C3N4 was dispersed into 35 mL of ammonia solution with a known concentration. 

In order to explore the influence of ammonia concentration on surface modification, the 

mass fraction of ammonia was varied between 0% (deionized distilled water, DDW), 1%, 

5% and 20%. The suspension was ultrasonicated for 30 min, and then transferred into a 50 

mL Teflon-lined stainless steel autoclave. The autoclave was heated up to 160°C and 

maintained at this temperature for 4 h. The resulting product was separated by 

centrifugation and dried at 60°C overnight. The sample treated with 1% ammonia was 

named OH-C3N4. 

9.2.3 Characterizations 

The morphologies of prepared samples were observed by a field-emission scanning 

electron microscope (FE-SEM, JEOL JSM-7500F) and a transmission electron microscope 

(TEM, JEM-2100F). X-ray diffraction (XRD) analysis was carried out by using a Rigaku 

Ultima IV Diffractometer with Cu Kα radiation (λ = 0.15418 nm) at 40 kV and 44 mA. 

XRD patterns were recorded at 2θ from 5° to 35°. Fourier transform infrared (FT-IR) 

spectroscopic analysis was performed using a Cary 630 FT-IR spectrometer (Agilent 

Technologies). The surface chemical composition and states were evaluated by a XSAM-

800 X-ray Photoelectron Spectroscope (XPS). The optical properties of the samples were 

measured by the ultraviolet-visible diffuse reflectance spectra (DRS) using a Thermo 

Evolution 300 spectrophotometer. The zeta potentials of g-C3N4 samples were tested by 

using a Zetasizer (Malvern Panalytical). The hydrophilicity of prepared samples was 

evaluated by coating the powder samples on a non-woven fiber (NWF). As-prepared 
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samples (0.1 g) were dispersed in 5 mL anhydrous N,N-dimethylacetamide (DMAc) with 

a purity of 99.8% that was purchased from Sigma-Aldrich Inc. (St. Louis, MO) and the 

resulting suspension was cast by a casting bar (250 μm thickness) onto the NWF material 

by using a uniform-speed automatic film applicator (model AFA-II, Beijing, China). The 

cast film was immersed in distilled water at 25 °C along with the backing material to induce 

the phase inversion process after exposure to air for approximately 1 min. Thereafter, the 

membranes were kept in the water bath for 24 h while the water was replaced every 6 h to 

make sure the solvent DMAc was removed [22]. The coated membranes were then dried 

at room temperature for 24 h in preparation for testing. The water contact angle was 

measured using a VCA Optima Surface Analysis System (AST Product, Inc. Billerica, MA) 

to evaluate the membrane surface hydrophobicity. Basicity measurements were performed 

by CO2-TPD using 200 mg samples with a Chemisorption Analyzer (Finesorb-3010). 

Electrochemical properties of the prepared samples were analyzed on a CHI 604E 

electrochemical analyzer (CH Instruments Inc., USA) using a platinum wire as the counter 

electrode, a calomel reference electrode and a working electrode. The working electrode 

was composed of indium tin oxide (ITO, 75 × 25 × 1.1 mm, 15 - 25 Ω, Sigma-Aldrich 

Canada Co.), glass-coated with the prepared samples. Electrochemical impedance 

spectroscopy (EIS) was performed with frequencies in the range of 0 – 1,000,000 Hz and 

a sinusoidal wave of 5 mV. The photocurrent was also measured with an on-off lamp. The 

electrolyte used was Na2SO4 with a concentration of 0.05 mol/L. 

9.2.4 Electronic structure calculation 

DFT simulations were performed using the Vienna ab initio simulation package (VASP) 

[23, 24]. The ion-electron interaction is described by the projector augmented wave (PAW) 
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method [25]. The electron exchange-correlation is represented by the Perdew, Burke, and 

Ernzerhof (PBE) function of generalized gradient approximation (GGA) [26]. A cut-off 

energy of 450 eV was used for the plane-wave basis set. The calculations were done on 

periodical supercells of C3N4 monolayer with 3 × 3 × 1 Monkhorst Pack k-point sampling. 

The charge density distribution and the distance between bonds were analyzed using 

VESTA [27]. The convergence tolerance for the geometry optimization was set to be 1.0 

× 10−5 eV/atom for energy and 0.02 eV/Å for maximum force. The optimized structures of 

g-C3N4 and OH-C3N4 are shown in Fig. 9.1. After geometry optimization, the average 

potential profile was calculated to obtain the work functions of g-C3N4 and OH-C3N4. The 

work function (Φ) can be calculated by Equation 1 [28]: 

vac fE E    Equation 1 

where Evac and Ef are the vacuum energy and the Fermi energy, respectively. Water and 

phenol adsorption on the surface of g-C3N4 and OH-C3N4 was investigated by the 

calculation of the adsorption energy using Equation 2: 

ads slab adsorbate slab adsorbateE E E E     Equation 2 

where Eads is adsorption energy (eV), Eslab+adsorbate, Eslab and Eadsorbate represent the total 

energies of the system, the slab (g-C3N4 or OH-C3N4) and the isolated adsorbate molecules 

(water or phenol), respectively. 
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Figure 9.1. Optimized structures of g-C3N4 and OH-C3N4. 

9.2.5 Photocatalytic activity testing 

The photocatalytic activities of prepared samples were evaluated by the degradation of 

phenolic compounds (phenol, 2-chlorophenol and catechol) under visible light. The light 

source was provided by a 300 W halogen tungsten projector lamp (Ushio) equipped with a 

UV cut-off (λ > 410 nm) and the reaction temperature was maintained at 20°C. For each 

batch, 0.05 g of photocatalyst was mixed with 100 mL of phenol solution (10 ppm) in a 

500 mL beaker. Before illumination, the reaction mixture was magnetically stirred for 30 

min to reach the adsorption/desorption equilibrium. After that, aliquots were collected 

every 1 h and the concentration of the supernatant was analyzed by a high-performance 

liquid chromatograph (HPLC, Agilent 1100 series) equipped with a UV–vis detector. A 

ZORBAX Eclipse Plus C18 column (4.6 × 250 mm) was used at a temperature of 60°C. 

The detecting wavelength was fixed at 270 nm for the detection of phenol and possible 

intermediates. The flow phase was composed of methanol (55%, V/V) and water (45%, 
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V/V) at a flow rate of 0.6 mL/min. The injection volume was set to 25 μL. Meanwhile, the 

total organic carbon (TOC) of the samples collected at 0 h, 2 h, 4 h, and 6 h was measured 

by an Apollo 9000 TOC analyzer equipped with a Non-Dispersive Infra-Red (NDIR) 

detector at a combustion temperature of 750 °C. The reusability of OH-C3N4 was evaluated 

by separating the catalysts out from the suspension following a single run. The catalysts 

were then mixed with fresh model wastewater (phenol dissolved in water with an initial 

concentration of 10 mg/L) to start another run. In total, five runs were performed with the 

separated catalysts.  

The concentration of OH radicals produced during photocatalysis was determined using p-

chlorobenzoic acid (pCBA) as a probe. The initial concentration of pCBA was 10 mg/L, 

the catalyst dosage amount was 1 g/L and the solution volume was 100 mL. Photocatalytic 

degradation of pCBA was carried out for 90 min. Aliquots were taken and centrifuged and 

the supernatant was analyzed using HPLC with a detecting wavelength of 254 nm. All the 

other parameters were kept the same for the detection of the aforementioned phenol. For 

comparison, TiO2 (anatase powder, Fisher Scientific Canada, ACS certified) was also 

tested. 

9.2.6 Temporal course of inactivation 

Non-pathogenic wild-type Escherichia coli K-12 (TG1 strain) was used as the target 

microorganism for bacterial inactivation studies. Before the inactivation experiment, E. 

coli K-12 strains were aerobically cultured overnight at 37 °C in a Luria-Bertani medium 

(Difco LB broth, Miller; containing 10 g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl) 

on a rotary shaker at 250 rpm until the stationary phase was reached. After serial dilution 

with 0.9% saline, an initial bacterial suspension with a concentration of 106 CFU (colony 
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forming units)/mL was obtained. Afterwards, 0.05 g photocatalyst was mixed with 100 mL 

of the bacterial suspension and magnetically stirred for 30 min in the dark. Upon 

illumination, aliquots were collected every 20 min and serially diluted using saline. Then, 

diluted samples were spread onto an LB agar plate and incubated at 37 °C for 18 hr. The 

bacteria were quantified using a standard plate count method (for viable and cultivable 

bacteria) in units of CFU/mL [29]. All experiments were performed in triplicate, and all 

materials were sterilized before use. 

9.3 Results and discussion 

9.3.1 Morphologies and chemical compositions 

The morphology and structure of prepared samples were investigated using SEM and TEM, 

as illustrated in Fig. 9.2. It can be observed that the pure g-C3N4 exhibited a typical layered 

and plate-like structure (Fig. 9.2a and 9.2c). Due to the ultrathin structure, the edge of the 

prepared C3N4 is partially curly, which is intended to decrease the surface tension. This is 

typical in the construction of exfoliated carbon scrolls by peeling graphite [30]. After 

ammonia treatment as shown in Fig. 9.2b and 9.2d, no evident difference in morphology 

can be observed in the TEM image (Fig. 9.2d). To further explore the corrosion observed 

in the TEM image, XRD and FTIR were employed to identify the stability of the crystal 

structure and the modification of chemical functional groups on g-C3N4 layers, respectively, 

and the results were illustrated in Fig. 9.3. The crystal structure of pure C3N4 is shown in 

Fig. 9.3a, where two peaks can be observed at a 2θ of 13.0° and 27.5°. These peaks may 

be ascribed to the (100) plane and (002) plane, respectively, which agree well with the 

hexagonal phase of graphitic C3N4 (JCPDS 87-1526) [10]. The (002) peak was attributed 
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to a characteristic interlayer stacking peak of aromatic systems for graphitic materials. The 

calculated interplanar distance of aromatic units (d = 0.326 nm for g-C3N4 and 0.323 nm 

for OH-C3N4, respectively) is significantly lower than that of the crystalline g-C3N4 (d = 

0.336 nm). The dense structure can be attributed to the localization of electrons and 

stronger binding between the layers. The interplanar distance for the (100) crystal plane, 

calculated as 0.650 nm for g-C3N4 and 0.671 nm for OH-C3N4, respectively, were slightly 

lower than the size of one tris-s-triazine unit (ca. 0.672 nm), which was probably due to 

the presence of a small tilt angularity in the structure [31]. Comparing the interplanar 

distances for these two peaks (i.e. peaks located at 13.0° and 27.5°), it can be deduced that 

the binding between C3N4 layers was negligibly influenced, but the tilt angularity was 

slightly reduced after the hydrothermal treatment. The lattice parameters for g-C3N4 were 

negligibly affected after the hydrothermal treatment, indicating that the primary crystal 

structure of C3N4 was also negligibly influenced. Furthermore, for the FTIR spectra for 

both pure g-C3N4 and modified g-C3N4 samples (Fig. 9.3b), the peaks located at 798 cm-1 

may have originated from the out-of-plane bending modes of the triazine units [32]. The 

peaks located in the range of approximately 1100 to 1650 cm-1 may be ascribed to the 

aromatic C-N stretching associated with the skeletal stretching vibrations of the s-triazine 

ring system [32, 33]. Besides that, the wide peaks located between 3000 to 3400 cm-1 may 

have resulted from both –NH stretching vibration modes and surface hydroxyl groups [32, 

34]. It should be noted that the shoulder peaks at 3164 cm-1, which were mainly due to 

hydroxyl functional groups, became stronger with the hydrothermal treatment. This 

phenomenon indicates that additional hydroxyl groups were added onto the surface of g-

C3N4 after the ammonia treatment [21, 35]. 
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Figure 9.2. SEM images of (a) pure g-C3N4 and (b) OH-C3N4; and TEM images of (c) pure g-

C3N4 and (d) OH-C3N4. 

 

  

Figure 9.3. (a) XRD patterns and (b) FTIR spectra of pure g-C3N4 and OH-C3N4. 

Surface compositions for prepared samples were further investigated using XPS. The XPS 

survey spectra for prepared samples are shown in Fig. 9.4 and demonstrate the existence 

(a) (b) 
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of C, N and O elements in both samples. The elemental ratios for both samples were 

calculated from the survey spectra, and the results are summarized in Table 9.1. For pure 

C3N4, the elemental ratio between carbon and nitrogen was 3:4.10, which was close to the 

stoichiometric amount of 3:4. The slight increase of nitrogen in the composites may be due 

to incomplete deamination of melamine during the preparation of g-C3N4. It can be found  

theoxygen content in the composites increased by a factor of almost 2 when compared to 

the oxygen content in the original g-C3N4. This significant increase may have resulted from 

hydroxyl surface modification during the hydrothermal treatment. To further explore the 

chemical states and bonds in theprepared samples, high-resolution (HR) XPS orbital scans 

for carbon, nitrogen and oxygen were performed and the spectra were plotted in Fig. 9.5. 

In the HR XPS scan for C 1s scan shown in Fig. 9.5a, three peaks located at 281.13, 284.6 

and 290.13 eV were observed for g-C3N4. The peak located at 284.6 eV was attributed to 

the C-C coordination of adventitious hydrocarbons from the XPS instrument itself, and was 

used for calibration. The other two peaks, located at 281.13 and 290.13 eV, may be 

attributed to sp2-hybridized carbon (C-C) atoms and sp3-carbons of the N-C=N 

coordination present in g-C3N4 [15, 36]. After surface modification, the peak for N-C=N 

was slightly shifted, whereas the other peak for C-C was shifted by 0.24 eV. This 

phenomenon indicates that hydroxyls may be bonded with carbon, instead of nitrogen in 

g-C3N4. This experimental result agreed well with the simulation result that OH bonded to 

carbon was more stable compared to OH bonded to nitrogen in g-C3N4. In the HR XPS 

scan for N 1s, shown in Fig. 9.5b, the spectrum can be fitted into three peaks for g-C3N4, 

which may be ascribed to C=N-C, N-(C)3 and C-N-H, respectively. It should be noted that 

when g-C3N4 was hydrothermally treated by ammonia, all three peaks were negligibly 
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shifted. This phenomenon further confirmed that hydroxyl was not bonded with nitrogen 

in g-C3N4, and the slight shift between peaks may have resulted from the change in tilt 

angularity as observed from the XRD patterns. The O 1s HR spectra in Fig. 9.5c can be 

fitted with a single peak located at 529.44 eV for g-C3N4, corresponding to the O-H bond. 

After hydrothermal treatment, the peak was shifted by 0.66 eV, which may have resulted 

from the hydroxyl group being bonded with g-C3N4. All the above discussion suggests that 

hydroxyl functional groups may have bonded with g-C3N4, and -OH tended to chemically 

bond with carbon instead of nitrogen in g-C3N4, during the hydrothermal treatment. 

 

Figure 9.4. XPS survey spectra of pure C3N4 and OH-C3N4. 

 

Table 9.1. Elemental ratios on the surface of prepared samples, calculated from the XPS survey 

spectra. 

Elemental ratio C:N:O 

C3N4 3:4.10:0.073 

OH-C3N4 3:4.13:0.130 
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Figure 9.5. XPS spectra of (a) C 1s, (b) N 1s and (c) O 1s 

9.3.2 Optical properties and electrical band structure 

Optical properties are critical for a photocatalyst. To explore the optical properties for g-

C3N4 before and after the surface hydroxyl modification, UV-Vis DRS were recorded as 

shown in Fig. 9.6. The DRS measurements indicated that both pure C3N4 and OH-C3N4 

were visible light-responsive and that the band gap absorption edges for both samples were 

located at approximately 500 nm. The steep increase of absorption intensity with a decrease 

in irradiation wavelength below the absorption edge (i.e. 500 nm) may have resulted from 

the band transition. Although the surface hydroxyl modification had no significant 

influence on the bandgap energy of the photocatalyst, the visible light absorption intensity 

was boosted, suggesting enhanced light harvesting capacity and photocatalytic activity 

after hydroxyl modification. The electrical band structure of g-C3N4 was simulated through 

the computation of density of states using DFT, as shown in Fig. 9.7. It found that the 
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valence band maximum (VBM) and the conduction band minimum (CBM) of g-C3N4 were 

both primarily composed of C 2p and N 2p orbitals. With hydroxyl modification, the band 

gap of OH-C3N4 was narrowed by 0.31 eV, even though the compositions for both VBM 

and CBM remained the same compared to g-C3N4. A semiconductor with a narrower band 

gap can capture more visible light photons, which may favor an improvement in quantum 

efficiency. It should be noted that the simulated band gap values are narrower than 

experimental results, which may have resulted from the well-known limitations of GGA 

[37]. To further explore the band gaps, as well as CBM and VBM potentials, Tauc’s plot 

(Equation 3) was used as follows: 

 2

n

photon photon gE K E E    Equation 3 

where Ephoton = hν, α is the absorption coefficient, K is a semiconductor constant (usually 

equal to 1), Eg is the bandgap energy, h is Planck’s constant, ν is the irradiation frequency, 

and n is a semiconductor bandgap transition constant  (direct transition: n = 1; indirect 

transition: n = 4), respectively [38]. Based on the abovementioned DFT results and the 

previous report, the value of n for C3N4 is equal to 4 [39]. The calculated results were 

plotted in the inset of Fig. 9.6. The bandgap energies of both g-C3N4 and OH-C3N4 were 

estimated to be about 2.60 eV. The flat-band potentials of the semiconductors can be 

calculated by applying the Mulliken electronegativity theory for atoms as follows 

(Equation 4 and 5) [40, 41], 
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1

2

e

CB p gE E E     Equation 4 

gVB CBE E E    Equation 5 

where ECB and EVB are the energies of the bottom position of the conduction band and the 

top position of the valence band respectively; χp is the electronegativity of the 

semiconductor, which can be estimated by the geometric mean of the electronegativity of 

its constituent atoms (~4.64 eV) [42-44]; Ee is the energy of free electrons on the hydrogen 

scale (~ 4.5 eV) and Eg is the band gap energy. Based on Equations 4 and 5, the calculated 

results for g-C3N4 were ECB = -1.16 eV and EVB = 1.44 eV. 

 

Figure 9.6. DRS and the plots of (α × Ephoton)
1/2 vs. Ephoton (inset) of pure C3N4 and OH-C3N4. 
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Figure 9.7. Density of states (DOS) and partial density of states (PDOS) for g-C3N4 and OH-

C3N4. 

9.3.3 Hydrophilic property 

The effect of ammonia treatment on the hydrophilicity of prepared samples was evaluated 

using the water contact angle. As shown in Fig. 9.8, the contact angle for pure g-C3N4 was 

measured to be 118.00º. This may be due to the less hydrophilic groups on g-C3N4, and an 

applied hydrophobic support (i.e. NWF).  After ammonia treatment, the measured contact 

angle was reduced to 75.40º for g-C3N4.. This phenomenon may have resulted from the 

surface hydroxyl modification during hydrothermal treatment. The increase in surface 

hydrophilicity further confirms successful surface hydroxyl modification via ammonia 

treatment [45, 46]. The adsorption energy for water adsorbed onto g-C3N4 and OH-C3N4 

was calculated to be 0.67 eV and 0.89 eV per H2O atom adsorbed, respectively. The 

increased adsorption energy indicated that water more readily adsorbed onto g-C3N4 after 

surface hydroxyl modification. To investigate the surface charges of prepared samples in 

aqueous suspensions, zeta potentials were measured; the results are shown in Fig. 9.9. The 

suspension with pH 5.5 was applied for both tests. The average zeta potentials for g-C3N4 



260 

 

and OH-C3N4 were estimated to be -38.5 mV and -47.3mV, respectively. The isoelectric 

point (IEP), defined as the pH value that results in a zero net surface charge, was measured 

as 5.0 for g-C3N4 prepared from melamine, which consists with values previously reported 

in the literature  [47]. Since the pH in the testing solution in this work was above the IEP, 

all zeta potentials were negative. Similar to all the other compounds, when dispersed in 

water, protonation and deprotonation processes may occur at the interface between the 

water and g-C3N4. As indicated from the XPS analysis, -NH2 may be present on g-C3N4 

due to the incomplete condensation of amino groups. These amino groups on the surface 

may react with the hydroxyl groups in the aqueous suspension to create a negatively 

charged surface of g-C3N4, as shown in Equation 6 and 7. As for the hydrothermal 

treatment, hydroxyl groups may bond with the carbon, and the hydroxyl groups can react 

with hydroxyl ions in the suspension to produce additional negative ions on the surface, as 

shown in Equation 8. As a result, with surface hydroxyl modification, the surface of g-

C3N4 became more negative, potentially causing the negative shift in the zeta potential, as 

shown in Fig. 9.9.  

2 2-  -C NH OH C NH H O        Equation 15 

    22 2
 C NH OH C N H O        Equation 7 

2 C OH OH C O H O          Equation 8 
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Figure 9.8. Water contact angles for prepared samples cast onto NWF material. 

 

Figure 9.9. Zeta potentials for prepared samples dispersed in water (pH 5.5). 

9.3.4 Photocatalytic activity test 

9.3.4.1 Photocatalytic degradation of phenolic compounds 

The photocatalytic activities of prepared samples were evaluated by the degradation of 

phenol and phenolic compounds under visible light irradiation. The Langmuir-

Hinshelwood (L-H) kinetic model (Equation 9) is applicable to many photocatalytic 

processes: 

1

dc kKc
r k

dt Kc
   


 

Equation 9 
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where r is the reaction rate, c is the concentration of the phenolic compound, t is time, k is 

the reaction rate constant, θ is the surface coverage (a dimensionless quantity), and K is the 

adsorption constant. For all tests in this work, the initial concentration of the pollutant was 

10 mg/L. There was no measurable adsorption of phenolic compounds during any 

experimental run, indicating that the adsorption constant (K) was negligible for both C3N4 

and surface-modified C3N4 composites. Therefore, the 1 + Kc term may be assumed to be 

equal to 1, and Equation 9 can be then expressed as Equation 10:  

-
dc

kKc k c
dt

   
Equation 10 

where k’ is the pseudo first-order reaction constant. Equation 11 can be obtained by 

integrating Equation 10 from co at a time of 0 to ct at time t: 

ln( )o

t

c
k t

c
  Equation 11 

The value of k’ for each photocatalytic process can be determined by plotting ln(co/ct) vs t 

and calculating the slope of the line of best fit. For phenol degradation, it was found that 

the photocatalytic activity of g-C3N4 was significantly improved after hydrothermal 

treatment, as shown in Fig. 9.10a. Specifically, only 24% of phenol was degraded after 5 

h in the presence of pure g-C3N4, while the removal fraction increased to 35% and 60% for 

g-C3N4 hydrothermally treated with DDW and ammonia treatment, respectively. However, 

as shown in Fig. 9.10a, no significant improvement in photocatalytic activity was observed 

between the three samples with increasing concentrations of ammonia. This result indicates 
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that low concentrations of ammonia (i.e. 1%) are sufficient for successful surface 

modification and improvement in photocatalytic activity of C3N4 [48]. 

The kinetic constant for the photocatalytic degradation process with C3N4 was 0.0524 h-1 

(Table 9.2). The kinetic constant increased by up to a factor of 1.5 to 3 times when treated 

with DDW or ammonia. This improvement in photocatalytic activity may be attributed to 

the inhibition effect of the alkali treatment on charge recombination [33, 49]. Furthermore, 

the ammonia treatment may lead to a more positive valance band potential of as-prepared 

samples, which can generate holes with a higher oxidative capacity and improved 

photocatalytic activity [33]. The corresponding total organic carbon (TOC) concentration 

was also monitored and indicated in Fig. 9.10b. It can be observed that the relative TOC 

concentrations (TOC/TOC0) within 2 h were rapidly reduced to 94.5%, 88.6%, and 80.3% 

in the presence of TiO2, g-C3N4, and OH-C3N4, respectively. Afterwards, the relative TOC 

concentrations for TiO2 and g-C3N4 were negligibly changed during the photocatalytic 

process while the TOC concentrations for OH-C3N4 was further reduced to 67.6% after 6 

h. The lower TOC reduction rate at the second stage may be due to the formation of more 

refractory degradation intermediates (e.g. organic acids) [50], which suggests that a 

prolonged reaction time is required to achieve the complete mineralization of phenol. 
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Table 9.2. Kinetic constants for systems in the presence of different photocatalysts. 

Degradation of phenol 

Photocatalyst C3N4 C3N4-DDW 
C3N4-1% 

NH4OH 

C3N4-5% 

NH4OH 

C3N4-20% 

NH4OH 

k' (h-1) 0.0524 0.0792 0.179 0.168 0.170 

Degradation of 2-chlorophenol 

Photocatalyst C3N4 OH-C3N4 

k' (h-1) 0.380 0.622 

Degradation of catechol 

Photocatalyst C3N4 OH-C3N4 

k' (h-1) 0.090 0.137 

As discussed previously, the adsorption of water on g-C3N4 is enhanced by hydroxyl 

surface modification. Since photocatalysis occurs at the interface between the catalyst 

surface and the bulk liquid phase, this improved water adsorption may also contribute to 

an improvement in photocatalytic oxidation processes. The adsorption energy and charge 

distributions of phenol adsorbed on g-C3N4 and OH-C3N4 were determined and the results 

are shown in Fig. 9.10c. It can be seen that the adsorption energy increased from 0.32 eV 

to 0.45 eV per phenol molecule adsorbed. The adsorption energy of phenol is lower than 

that of water for the prepared sample, indicating that phenol adsorption may be more 

difficult in this degradation process and that the adsorption energies of both phenol and 

water increased for g-C3N4 modified by surface hydroxyl modification [48]. The charge 

distributions in the adsorption system for phenol-g-C3N4 are shown in Fig. 9.10c, where 

the non-electrostatic interaction between phenol and g-C3N4 is mainly attributed to the 
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donor-acceptor interaction; the surface of g-C3N4 is negatively charged, while the phenol 

is positively charged. Comparatively, for phenol-OH-C3N4, the electron donors are 

composed of hydroxyl groups, which may enhance the interaction between phenol and g-

C3N4 in order to improve the adsorption energy. To further confirm the enhancement of 

photocatalytic activity for g-C3N4 modified by surface hydroxyls in the decomposition of 

phenolic compounds, other phenolic compounds, including 2-chlorophenol and catechol, 

were applied as probe molecules, and the testing results are shown in Fig. 9.10d. These 

photocatalytic degradation processes were also modeled using L-H kinetics, and the results 

of the kinetic models are included in Table 9.2. After surface modification with hydroxyl 

functional groups, the photocatalytic kinetic rate constants increased by a factors of 1.5 to 

1.6. The results demonstrate that the photocatalytic oxidation of phenolic compounds for 

g-C3N4 is promoted after surface hydroxyl modification. 

The reusability of the photocatalysts was evaluated by recycling OH-C3N4 for five runs 

during the decomposition of phenol under visible light (Fig. 9.10e). The difference among 

these concentration profiles was negligible, indicating the high stability of OH- C3N4 in the 

photocatalytic degradation of organic pollutants in water. A slight reduction in the removal 

fraction in subsequent runs may be due to either the refractory intermediates adsorbed on 

the surface of catalysts or the loss of catalyst during the recycling tests. These results 

suggest that OH-modified C3N4 exhibited high reusability, which makes them an attractive 

candidate for application as visible-light-driven photocatalysts. 



266 

 

  

  

 

(b) (a) 

(c) (d) 

(e) 



267 

 

Figure 9.10. (a) Concentration profiles of phenol during photocatalytic degradation under 

visible light with pure and modified g-C3N4; (b) TOC removal ratios of different photocatalytic 

systems during phenol decomposition; (c) adsorption energy of phenol on g-C3N4 and OH-

C3N4, calculated by DFT (yellow: positive charges; blue: negative charges), (d) photocatalytic 

degradation under visible light of 2-chlorophenol and catechol using pure and modified g-C3N4 

and OH-C3N4, and (e) OH-C3N4 recycling tests during photocatalytic degradation of phenol 

under visible light. 

9.3.4.2 Active species 

It was determined that the flat-band position of the valence band for g-C3N4 (ca. +1.44 eV) 

was lower than the redox potential of •OH/H2O ( 2.27 eV at pH 7 and 2.73 eV at pH 0 (vs 

SHE)) [51]. This may cause the photogenerated holes on the valence band to be incapable 

of oxidizing adsorbed water to produce •OH [52, 53]. To confirm the minimal contribution 

from •OH in the g-C3N4-based photocatalysis system, the concentration of •OH was 

measured indirectly through probe compounds (i.e. p-chlorobenzoic acid, pCBA) [50, 54, 

55]. The rate of reaction between pCBA and •OH can be expressed as shown in Equations 

12 and 13. The reaction rate constant (k•OH-pCBA) was estimated to be 5 × 109 M-1 s-1 (3.12 

× 1011 M-1 min-1). This high reaction rate constant indicates that pCBA selectively reacts 

with OH radicals. By integrating Equation 13 with the boundary conditions: t = 0, c = c0
p-

CBA, and t = t, c = ct
p-CBA, Equation 14 can be derived. 

0

t

OHc dt  on the right side of Equation 

14 is defined as OH radicals exposure, which indirectly determines the accumulated 

concentration of photogenerated OH radicals in the system. Profiles for the photocatalytic 

degradation of pCBA, as well as the computed OH radicals exposure in the presence of 

TiO2, g-C3N4 and OH-C3N4 composites, are separately depicted in Fig. 9.11. From these 

results, it is apparent that pCBA was rapidly degraded over 90 min with TiO2 under UV 

light irradiation. In contrast, a negligible amount of pCBA was removed from the system 



268 

 

using either g-C3N4 or OH-C3N4. These results indicate that a large amount of OH radicals 

were generated in the TiO2-based photocatalytic system, whereas a negligible amount of 

OH radicals were detected in the presence of either g-C3N4 or OH-C3N4 composites. This 

demonstrates that •OH may not have played a determining role in the decomposition of 

phenol. Instead, photogenerated holes on the valence band may play the most significant 

role in directly reacting with adsorbed organic pollutants in water.  

p CBA OH p CBA     Equation 12 

p CBA

OH pCBA p CBA OH

dc
k c c

dt



        Equation 13 

0

0
ln

tp CBA

OH pCBA OHt

p CBA

c
k c dt

c



  



 
  

 
  Equation 14 

 

Figure 9.11. Photocatalytic degradation of pCBA with TiO2 (UV light irradiation) and g-C3N4 

and OH-C3N4 composites (visible light irradiation) 
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9.3.4.3 Pathways of the degradation of phenol 

HPLC was employed to explore the concentrations of primary intermediates during 

photodegradation [56-58]. The pathways of the photocatalytic degradation of phenol were 

explored by recording the concentrations of potentially-produced intermediates, including 

benzoquinone (BQ), hydroquinone (HQ) and catechol (CA). Measured concentrations of 

phenol, as well as that of possible intermediates for photocatalysis in the presence of either 

OH-C3N4 under visible light or TiO2 under UV light, were calculated and are illustrated in 

Fig. 9.12. It was determined that phenol was completely removed in the system with TiO2, 

and 60% of phenol was removed in the system with OH-C3N4. However, more 

intermediates accumulated for photocatalysis with TiO2 compared to that with OH-C3N4. 

Additionally, the three primary intermediates, BQ, HQ, and CA, were completely removed 

at the end of both photocatalytic processes. Notably, negligible amounts of intermediates 

were detected during the 300 min degradation of phenol using OH-C3N4. When compared 

to the TiO2 process, the rapid reduction and elimination of intermediates may be 

responsible for the higher TOC removal ratio observed in Fig. 9.10b for the OH-C3N4 

process.. The possible pathways in the degradation of phenol are proposed in Fig. 9.13. For 

the TiO2-based photocatalytic process, OH radicals play a significant role and may react 

with phenol to form a large quantity of dihydroxycyclohexadienyl radical adducts (Route 

1). These adducts may evolve further to form phenoxy radicals by the elimination of H2O 

(Route 2); however this was shown in the literature to be a very slow process [59]. It is 

more likely that these adducts may react with dissolved oxygen (Route 3), followed by an 

elimination of HO2 to form dihydroxy intermediates (Route 4). By contrast, in the absence 

of OH radicals for the OH-C3N4 system, phenol may react with oxygen (Route 5) followed 
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by the formation of phenoxy radicals with the elimination of HO2 (Route 6) [60]. In the 

presence of O2, phenoxy radicals are most likely to slowly form benzoquinone (Route 7). 

Due to the low reaction rate of the BQ formation process, a low concentration of BQ is 

expected. In ourOH-C3N4 system, a low amount of intermediates was detected [61]. When 

these three phenolic intermediates are formed, OH radicals and dissolved oxygen, as well 

as holes may lead to ring cleavage and fragmentation, respectively, for the TiO2 and OH-

C3N4 systems. Once the ring is broken, different organic acids such as maleic, succinic, 

malonic, oxalic and acetic acids are the products of these phenolic compounds (Routes 8 

and 9) [62]. Furthermore, these organic acids are most likely further degraded into CO2 

and H2O (Route 10) [50, 63]. 

 

 

Figure 9.12. Concentrations of benzoquinone (BQ), hydroquinone (HQ), catechol (CA) and 

phenol during the photocatalytic processes in the presence of OH-C3N4 under visible light 

irradiation and TiO2 under UV irradiation. 
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Figure 9.13. Proposed pathways for the photocatalytic degradation of phenol (adapted from 

[50]). 

9.3.4.4 Photocatalytic inactivation of bacteria 

The photocatalytic inactivation of bacteria under visible light has been studied in the 

presence of g-C3N4 and OH-C3N4 (Fig. 9.14). It is evident that the bactericidal activity for 

g-C3N4 is significantly improved after surface hydroxyl modification, which agrees well 

with the previous photocatalytic degradation results for phenolic compounds. Over 60 min 

of irradiation, the survival fractions in g-C3N4 and OH-C3N4 systems are 55.1% and 29.5%, 

respectively. It is generally accepted that photogenerated reactive oxidative species (ROS), 

such as h+, •OH, and •O2
-, are responsible for bacterial inactivation. These results suggest 

that more oxidative species are produced in the photocatalytic system of g-C3N4 modified 

(1) (2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

(9) (10) 
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by surface hydroxyl groups. Beyond that, an enhancement of the interaction between the 

bacteria cell wall and the surface of g-C3N4 after hydroxyl modification may also contribute 

to the improvement in bacteria inactivation. When the bacteria interacts with the 

photocatalysts, the cell envelope integrity may be damaged by alteration of the outer 

membrane permeability to allow the penetration of deleterious substances. In addition, the 

main components of the cell wall of E. Coli (Gram-negative bacteria), such as lipo-

polysaccharide, phosphatidylethanolcholine, and peptidoglycan are photocatalytically 

degraded at the bacteria-photocatalyst interface. As a result, the loss of the cell wall 

structure, as well as its functions, is directly linked to bacterial inactivation in 

photocatalytic processes [64]. It should be noted that the outer membrane for Gram-

negative bacteria acts as a selective barrier to prevent the entry of toxic molecules into the 

cell [65], 67. As the hydroxyl functional groups on the surface of g-C3N4 may favor an 

improvement in the interaction between the bacteria and the photocatalyst surface, 

photogenerated oxidative species can easily react with the outer wall of the bacteria, so as 

to further inactivate the bacteria by breaking the cell envelope’s integrity. 

 

 

Figure 9.14. (a) Photocatalytic disinfection performance of various samples; (b) photos of E. 

(a) (b) 
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coli colonies which are cultured by the samples collected at different times during the 

photocatalytic disinfection process. 

9.3.5 Mechanisms 

CO2-TPD was applied to investigate the basicity of C3N4 as well as OH-C3N4 (Fig. 9.15). 

Both materials exhibited desorption peaks in the temperature range of 50-450°C, which 

were attributed to the basic sites associated with chemical or physical adsorption of acidic 

CO2 molecules [66]. Notably, two peaks were observed for each profile, which may be due 

to CO2 desorbed from two different sites on the surface of C3N4. As reported by Yang et 

al., the peak at lower temperature may be attributed to the desorption of CO2 adsorbed on 

the nitrogen site of C-N-C rings, while the one at higher temperature may be attributed to 

the amino groups on the surface edge [67]. The amount of basic sites is proportional to the 

integrated area of the desorption peaks in the profile. Therefore, the amount of basic sites 

was greatly increased with the surface hydroxyl modification. An increase in basic sites on 

the surface of C3N4 favoured the adsorption of acidic compounds, including phenolic 

compounds and acidic intermediates (e.g. carboxylic acid). Furthermore, increasing the 

basicity of the C3N4 surface also improved its photocatalytic activity during the 

decomposition of phenolic compounds. 
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Figure 9.15. CO2-TPD profiles of C3N4 and OH-C3N4. 

Electrochemical impedance spectra (EIS) and transient photocurrent responses were 

applied to evaluate the charge separation on C3N4 and OH-C3N4 (Fig. 9.16) The EIS 

Nyquist plots (Fig. 9.16a) suggest that these photocatalytic processes were a simple 

electrode reaction. The diameter of the arcs in Fig. 9.16a are in direct proportion to the 

resistance values of the electron transfer on the electrode [68] Overall, this means that a 

wider diameter corresponds to a higher recombination rate of photogenerated charge 

carriers. It can be found that the charge separation on OH-C3N4 was significantly improved, 

as a smaller diameter was found for the EIS Nyquist plot. Furthermore, the photocurrent 

on these two electrodes was also recorded with an on/off switch for the lamp (Fig. 9.16b). 

It can be found that the traces of both tests were reproducible, indicating the high stability 

of these two electrodes. Moreover, the photocurrent intensity of the OH-C3N4 electrode 

when the lamp was on was approximately 2 times higher compared to that for the C3N4 
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electrode. This result further proved that with surface hydroxyl modification, the charge 

separation on C3N4 was significantly improved, which contributed to its enhanced 

photocatalytic activity. 

 

Figure 9.16. (a) EIS Nyquist plots and (b) transient photocurrent responses of C3N4 and OH-

C3N4 electrodes under visible light irradiation. 

Electrostatic potentials for g-C3N4 and OH-C3N4 are plotted in Fig. 9.17. Based on these 

results, the work functions for g-C3N4 and OH-C3N4 were estimated to be 4.84 eV and 5.41 

eV (vs. vacuum), respectively. The difference in work functions between g-C3N4 and OH-

C3N4 may drive electron transfer from g-C3N4 to OH-C3N4, due to the higher work function 

for g-C3N4 when modified with hydroxyl functional groups [9, 69]. Notably, hydroxyl 

groups are adsorption sites for organic compounds in water. An accumulation of electrons 

on surface hydroxyl groups favor an improvement in the photocatalytic decomposition 

efficiency of organics in water. In addition, the Fermi level for g-C3N4 was shifted from -

3.46 eV to -3.94 eV (vs. vacuum) after surface hydroxyl modification. With this shift, a 
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heterostructure may be fabricated, as shown in Fig. 9.18. As a type-II heterojunction [70-

75], photogenerated electrons and holes will move in opposing directions. More 

specifically, electrons will accumulate on the conduction band of OH-C3N4, while the holes 

will accumulate on the valence band of g-C3N4. With this opposite charge transfer, the 

separation efficiency of photogenerated charge carriers may be improved. Also, due to the 

positive shift of the valence band of hydroxyl-modified g-C3N4, the oxidizability of 

photogenerated holes on the valence band is improved, which may accelerate the 

decomposition of organics and bacterial inactivation in water. It should be noted that, even 

though the valence band is positively shifted after surface modification, the holes are still 

incapable of converting water to hydroxyl-free radicals, as the flat-band potential (2.01 eV 

vs NHE) was still lower than the redox potential of •OH/H2O (2.73 eV vs NHE). The 

improved separation of photogenerated charge carriers, as well as a positively-shifted 

valance band after surface hydroxyl modification on g-C3N4, may therefore increase the 

photocatalytic oxidation activity. 
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Figure 9.17. Work functions of g-C3N4 and OH-C3N4. 

  

Figure 9.18. Proposed mechanism of photogenerated electrons and holes transfer for OH-C3N4 

composite under visible light irradiation. 
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9.4 Conclusions 

A hydrothermal synthesis method using ammonia solution was successfully applied to 

surface modify g-C3N4 with hydroxyl functional groups. . Upon introduction of hydroxyl 

groups, the adsorption energies for water and phenol on g-C3N4 were both increased, and 

the surface of g-C3N4 was tuned from hydrophobic to hydrophilic. In addition, the 

difference in work functions between g-C3N4 and OH-C3N4 drove charge transfer between 

each other. This effective transfer increased the separation of photogenerated charge 

carriers. Also, the position of the valence band may be positively shifted when the hydroxyl 

groups are bonded onto the surface of g-C3N4, which favored an improvement in the 

oxidizability of g-C3N4. All the above-mentioned benefits contributed to the enhancement 

of photocatalytic oxidization activity in both organics decomposition and bacteria 

inactivation. 
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Chapter 10 General Discussion and Conclusions 

 

 

 

10.1 General discussion 

In this thesis, three different two dimensional materials, namely MoS2, SnS and BN have 

been studied as cocatalysts to enhance the photocatalytic activity of bismuth-based 

semiconductors. And g-C3N4 has been investigated as a photocatalytic substrate, and its 

photocatalytic activity was enhanced by surface modification with hydroxyl functional 

groups. The advancements of two dimensional materials in enhanced photocatalytic 

activity can be summarized thus: 

1) It was found that layered two dimensional materials such as BN were excellent 

electron acceptors, for their high conductivity. With this property, photogenerated 

charge carriers were effectively transferred from the substrate to the two 

dimensional materials. This phenomenon was in favor of suppressing the 

recombination of charge carriers, so as to improve the photocatalytic activity; 

 

2) Two dimensional materials with suitable band gap can be combined with another 

semiconductor to form heterojunctions. With the formation of heterostructure, an 

internal electrical force was formed, and drive the transfer of electrons and holes. 
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The transfer may facilitate the separation of charge carriers, so as to improve the 

photocatalytic activity; 

 

3) Two dimensional materials generally have with highly specific surface areas, which 

provided more adsorption sites and increase the adsorption capacity of organic 

molecules on the catalysts surface. The large specific surface area also provided 

more reactive sites in photocatalysis and further improved the photocatalytic 

activity; 

 

4) With two dimensional materials loaded on the surface, the adsorption capacity of 

the substrate may be improved, not only because of the high specific surface area 

of the two dimensional materials, but also the modified surface properties, such as 

zeta potentials; 

 

5) Some two dimensional materials such as C3N4 exhibited suitable band gaps and can 

be applied as photocatalysts themselves; 

  

6) For C3N4, the photocatalytic activity can be improved by various methods. In this 

thesis, a hydroxyl surface modification method was developed. And it was found 

that with the modification of hydroxyl on C3N4, the photocatalytic activity was 

greatly improved, which may be due to improved charge separation as well as 

improved hydrophility of the C3N4 surface. 
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10.2 Publications 

The work undertaken was shared with academic peers internationally and resulted in seven 

publications in peer-reviewed journals and six conference presentations. Details were listed 

below: 

Refereed journal articles (published or accepted) 

1. Z. Li, X. Meng and Z. Zhang, “Fewer-layer BN nanosheets-deposited on Bi2MoO6 

microspheres with enhanced visible light-driven photocatalytic activity”, Applied 

Surface Science 483, 572-580 (2019). 

2. Z. Li, X. Meng and Z. Zhang, “Fabrication of surface hydroxyl modified g-C3N4 with 

enhanced photocatalytic oxidation activity”, Catalysis Science and Technology 9, 

3979-3993 (2019). 

3. Z. Li, X. Meng and Z. Zhang, “An effective approach to improve the photocatalytic 

activity of graphitic carbon nitride via hydroxyl surface modification”, Catalysts, 9 (1), 

17 (2019). 

4. Z. Li, X. Meng and Z. Zhang, “Hexagonal SnS nanoplates assembled onto hierarchical 

Bi2WO6 with enhanced photocatalytic activity in detoxification and disinfection”, 

Journal of Colloid and Interface Science 537, 345-357 (2019). 
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5. Z. Li, X. Meng and Z. Zhang, “Equilibrium and kinetic modelling of adsorption of 

Rhodamine B on MoS2”, Materials Research Bulletin 111, 238-244 (2019). 

6. Z. Li, X. Meng and Z. Zhang, “Few-layer MoS2 nanosheets-deposited on Bi2MoO6 

microspheres: A Z-scheme visible-light photocatalyst with enhanced activity”, 

Catalysis Today, 315 67-78 (2018). 

7. Z. Li, X. Meng, Z. Zhang, “Recent development on MoS2-based photocatalysis: A 

review”, Journal of Photochemistry and Photobiology C: Photochemistry Reviews 

35 39–55 (2018). 

Conference presentations 

8. Z. Li, X. Meng and Z. Zhang, “Few-layer MoS2 nanosheets enhanced Photocatalysis 

under Visible light”, 25th Canadian Symposium on Catalysis, Saskatoon, SK, Canada, 

May 9-11, 2018. 

9. Z. Li, X. Meng and Z. Zhang, “MoS2 Quantum dots implemented in improving visible 

light-induced detoxification and disinfection”, 5th Nano Today Conference, Hawaii, 

USA, Dec. 6-10, 2017. 

10. X. Meng, Z. Li and Z. Zhang, “Plasmonic ternary composites with enhanced visible 

light-driven photocatalytic activity”, 25th North American Meeting of the North 

American Catalysis Society, Denver, AB, USA, June 4-9, 2017. 
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11. Z. Li, X. Meng and Z. Zhang, “MoS2 QDs as a co-catalyst for visible light-induced 

photocatalysis”, 25th North American Meeting of the North American Catalysis 

Society, Denver, AB, USA, June 4-9, 2017. 

12. X. Meng, Z. Li and Z. Zhang, “Photo-depositing NPs on the surface to improve its 

visible light driven photocatalytic activity”, Surface Canada Conference, Montreal, 

QC, Canada, May 10-12, 2017. 

13. X. Meng, Z. Li and Z. Zhang. “Synthesis and characterization of plasmonic and 

magnetically separable core-shell composites for visible light-induced detoxification” 

66th Canadian Chemical Engineering Conference, Quebec City, QC, Canada, Oct. 

16-19, 2016. 

10.3 Recommendation for future work 

Recommendations for future work are as follows: 

 From the aspect of practical use with solar light as the light source, stability of as-

prepared materials under UV light should be studied, as UV accounts for 5% of 

sunlight; 

 This process should be scaled up with photoreactor design as well as process 

engineering development; 

 More two dimensional materials should be studied and compared, so as to find a 

photocatalyst with the highest activity; 
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 Tests under real/ simulated solar light should be conducted, to provide evidence of 

the advancements of this process in practical use; 

 Integration with other techniques such as electrochemistry, membrane techniques 

and biotechnology can widen the application area and promote further development; 

 Application of these materials should be extended from the environmental 

remediation to other fields such as water splitting, CO2 reduction and N2 fixation; 

 It is necessary to develop an evaluation system for the comparison of different 

photocatalysts. 

Even though many two dimensional materials modified bismuth-based semiconductors 

with high photocatalytic performances under visible light irradiation have been reported, 

they are still in the early stages of implementation for the commercialization of this 

advanced process. The excellent and promising properties of as-prepared compounds 

suggest a bright future. 
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