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Chapter 1: Introduction 

This chapter discusses the need for renewable and environmentally friendly alternative 

energy resources owing to the rising drift in energy consumption. Hydrogen, a clean, and 

energy efficient fuel is considered as the most ideal alternative fuel to meet the future energy 

demand. In order to deal with this problem of the use of almost exhaustible fossil fuel and 

production of CO2, there has been a continuous endeavor for hydrogen production from earth 

abundant resource ‒ water, utilizing the most abundant energy source ‒ solar energy. Among 

the several ways for solar hydrogen production, photochemical water splitting fascinates 

much attention because it is a simple, inexpensive and highly efficient process. This chapter 

discusses the basic concepts and mechanism of photocatalytic and photoelectrochemical 

water splitting and the criteria for selection of semiconductor materials to be used in 

photocatalysis. As compared to widely used oxide semiconductor materials, sulfide 

semiconductors possess relatively high conduction band positions suitable for water reduction 

and better sunlight responses than oxides, due to the higher valence band positions composed 

of S 3p orbitals. However, sulfide semiconductor materials suffer from the drawback of faster 

photogenerated charge recombination owing to the narrow band gap and the problem of photo 

bleaching. To overcome this drawback and for efficient charge extraction, several strategies 

have been continuously adopted. This chapter includes a survey of different strategies 

developed to enhance the catalytic activity by a photocatalytic semiconductor material by 

efficient charge extraction. It also includes the rationale behind the adopted strategies of 

heterojunction formation for enhancement of photocatalytic efficiency of the bare sulfides 
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semiconductors. Recent advancement in the rational design of different heterojunction 

systems including Z-scheme as an efficient photocatalytic system is outlined in this chapter. 

Chapter 2: Experimental Methods and Materials Characterizations  

This chapter describes the comprehensive route adopted for the synthesis of the studied 

semiconductor materials. In order to characterise the compounds, various instrumentation 

techniques are adopted, which are discussed in details in this chapter. The experimental 

details for photocatalytic activity measurement like hydrogen generation rate, rhodamine B 

dye degradation, photoanode fabrication for photoelectrochemical water oxidation etc. are 

described. The experimental setup utilised for analysing the photocatalytic and 

photoelectrochemical properties of the synthesised materials are described. Finally, details of 

the various parameters utilised for assessing the photocatalytic property like apparent 

quantum yield, rate of hydrogen production etc. and photoelectrochemical water oxidation 

properties of the synthesised materials like current-voltage characteristics, electrochemical 

impedance spectroscopy (EIS) measurements are discussed in details in this chapter.    

Chapter 3: Quaternary Semiconductor Cu2ZnSnS4 Loaded with MoS2 as 

Co-catalyst for Enhanced Photocatalytic Activity (RSC Adv., 2015, 5, 40475) 

 

Scheme 1: Graphical representation of the probable charge transfer pathways in the composite CZTS-MoS2 

along with the comparison of photocatalytic efficiency of hydrogen production and Rhodamine B dye 

degradation for CZTS and CZTS-MoS2 
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Quaternary Cu2ZnSnS4 (CZTS) and its composite with a cocatalyst viz. MoS2 (CZTS-

MoS2) are prepared by a facile hydrothermal method. The as synthesised compounds are 

characterised by several characterisation techniques like powder X-ray diffraction, Field 

Emission Scanning Electron Microscopy, Transmission Electron Microscopy etc. The 

materials are studied for their photocatalytic activity as shown in Figure 1. CZTS-MoS2 

composite shows a greater photo-catalytic activity with the H2 production rate of 264 

µmol/0.2g/h in comparison to bare CZTS (214 µmol/0.2g/h). The calculated Apparent 

Quantum Yield (AQY) of CZTS-MoS2 is 22.67% which is about 1.23 times higher than that 

of CZTS i.e. 18.42%. It is also observed that RhodamineB (RhB) is degraded much faster by 

CZTS-MoS2 than bare CZTS. ~ 97% degradation of RhB is achieved in case of CZTS-MoS2 

in about 40 minutes whereas it was only ~70% for bare CZTS. 

 

Figure 1: (A) Amount of H2 generated from CZTS and CZTS-MoS2 under visible light irradiation and their 

respective AQY (%) values, (B) C/C0 versus irradiation time curves of photo-degradation of RhB by CZTS and 

CZTS-MoS2. 

The higher photo-catalytic activity is attributed to more active sites in CZTS-MoS2 as 

well as higher charge separation. A schematic of the band diagram showing energy 

alignments of CZTS-MoS2 which facilitates an efficient transfer of electrons is shown in 

Figure 2. In order to study the mechanism of dye degradation, various scavenger tests were 

performed using Fe2+ salt, N2 purging and EDTA as •OH, superoxide radical anion (O2
•-) and 

hole scavenger, respectively. From the kinetic data, hydroxyl radical could be the determining 

species in controlling the kinetics of the dye degradation.  
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Figure 2: Schematic representation of probable electron transfer pathways in CZTS-MoS2 

Chapter 4: Hybrid of g-C3N4 and MoS2 Integrated onto Cd0.5Zn0.5S: 

Rational Design with Efficient Charge Transfer for Enhanced 

Photocatalytic Activity (ACS Sustainable Chem. Eng., 2018, 6, 6718) 

 

 

Scheme 2: Graphical representation of the probable charge transfer pathways in the composite Cd0.5Zn0.5S-g-

C3N4-MoS2 

In this chapter, a rational design of hierarchical nano-composites is developed for efficient 

energy harvesting. A noble-metal-free ternary hierarchical composite, Cd0.5Zn0.5S-g-C3N4-

MoS2, has been developed. Materials are chosen based on their relative band-edge alignments 

and they are studied as a composite for photocatalytic properties. In the composite, 

Cd0.5Zn0.5S acts as electron sink for the photoinduced carriers transferred from g-C3N4 and 

thus profusely help in the prevention of charge recombination by separating the 

photogenerated electron- hole pair and lead to an enhanced photo activity. Furthermore, the 
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conjugated MoS2 can act as an excellent supporting matrix for electron transport and can play 

an important role for the enhancement of photocatalytic activity. Thus the synergistic 

integration of Cd0.5Zn0.5S-g-C3N4 with MoS2 can serve as a better catalytic system. The charge 

transfer mechanism in the composite is proved by the several experimental techniques like 

X-ray photoelectron spectroscopy, steady and time resolved photoluminescence. A schematic 

of the proposed charge transfer pathway in the composite is shown in Figure 3.  

 

 

Figure 3: Schematic representation of electron transfer in Cd0.5Zn0.5S-g-C3N4-MoS2. 

The photocatalytic activity was evaluated by measuring the rate of photo-driven H2 evolution 

with concomitant degradation of organic pollutants, such as Rhodamine B. Optimization of 

the loading of g-C3N4 and MoS2 onto Cd0.5Zn0.5S results in an enhanced yield of hydrogen 

evolution by ~120% (Cd0.5Zn0.5S-g-C3N4) and ~197% (Cd0.5Zn0.5S-g-C3N4-MoS2) compared 

to bare Cd0.5Zn0.5S. The ternary hybrid, Cd0.5Zn0.5S-g-C3N4-MoS2 resulted in an apparent 

quantum yield (AQY) of 38 % at 420 nm. The significant improvement in photocatalytic 

performance in the composite can be attributed to enhanced interfacial charge transfer of 

electrons from g-C3N4 to Cd0.5Zn0.5S and MoS2. The results of photocatalytic hydrogen 

production are shown in Figure 4. 

 

1.5

MoS2

Cd0.5Zn0.5S

-3.5

-5.5

-6.5

-4.5
H2O/H2

-3.12

-3.95

e-
e-

e-

h+

h+

2.7

2.35

1.5

g-C3N4

MoS2

P
o

te
n

tial vs N
H

E 

h+

-4.23

2H+

H2

SO3
2-

SO4
2-

-1

1

2

0

En
e

rg
y 

vs
 V

ac
u

u
m

 (
e

V
)

-4.23

TH-2099_136122031



                                Synopsis Report 

vi                                                                                                                      Gaurangi Gogoi 
 

 

 

Figure 4: (A) Comparison of photocatalytic activity of Cd0.5Zn0.5S-g-C3N4-MoS2, Cd0.5Zn0.5S-g-C3N4 and 

Cd0.5Zn0.5S. (B) Comparison of photocatalytic activity of Cd0.5Zn0.5S-MoS2, g-C3N4-MoS2 along with Cd0.5Zn0.5S-

g-C3N4-MoS2, Cd0.5Zn0.5S-g-C3N4 and Cd0.5Zn0.5S. 

The Rhodamine B dye degradation efficiencies of Cd0.5Zn0.5S, Cd0.5Zn0.5S-g-C3N4 and 

Cd0.5Zn0.5S-g-C3N4-MoS2 are 50.1%, 95.6% and 96% respectively.  C/C0 versus time (min) 

plot of all the composites are shown in Figure 5. 

  

Figure 5: C/C0 versus time (min) plot of Cd0.5Zn0.5S, Cd0.5Zn0.5S-g-C3N4, Cd0.5Zn0.5S-g-C3N4- MoS2, g-C3N4-

MoS2 and Cd0.5Zn0.5S-g-C3N4.  
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Chapter 5: A Direct Z-scheme Strategy Utilizing ZnIn2S4 and Hierarchical 

VS2 Microflowers for Superior Photoelectrochemical Water Oxidation 

(Manuscript under Communication) 

  

 
 

Scheme 3: Graphical representation of the probable charge transfer pathways in the composite ZnIn2S4-VS2 

In this chapter, for the first time, we have developed a strategy for a widely studied I-III2-VI4 

photocatalyst, ZnIn2S4, using hierarchical VS2 microflowers for a direct Z-scheme pathway, 

without an electron mediator, for efficient charge separation. The materials are synthesised 

by hydrothermal method and the composite synthesised by sonication of the components in 

definite weight percentage. Figure 6 shows the morphological features of the composite as 

well as the individual components.  
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Figure 6: Field emission scanning electron microscopy images of (A) ZnIn2S4, (B) VS2 and (C) ZnIn2S4-VS2. 

Anticipated VS2 in ZnIn2S4-VS2 is encircled in red dotted circles in (C). 

 

The charge transfer dynamics is established to be following a direct Z-scheme pathway in the 

composite which results in reduced charge recombination and greater accumulation of surface 

charges. Further owing to the advantage of Z-scheme the sites for oxidation and reduction are 

at the more positive and negative sites respectively. The experimental findings establish 

successful chemical interaction of the components through sulfur edge.  The advantage of 

better charge extraction in Z-scheme is observed from an impressive ~ 18-fold increase in the 

photocurrent value observed in ZnIn2S4-VS2 over its bare counterpart. A thorough 

investigation of dynamics of charge transfer in the composite is carried out by electrochemical 

impedance spectroscopy (EIS) experiments. Furthermore, slow kinetics of surface reaction in 

the composite ZnIn2S4-VS2 is correlated to the increased surface charge capacitance. This 

feature of the composite facilitates partial storage of the photo generated charge carriers (e-

/h+) under illumination and dark current conditions, thus storing and utilizing the solar energy. 

The current voltage characteristics along with the Nyquist plot is shown in Figure 7. 

 
Figure 7: (A) J-V curves and (B) Nyquist plots of ZnIn2S4 and ZnIn2S4-VS2 under dark and illumination. 
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Chapter 6: Thesis Overview and Future Scope 
This chapter summarizes the overall work carried out by developing different multinary 

sulfide based semiconductor systems for utilization as efficient photocatalysts for water 

reduction or dye degradation. It also provides some directions for future study based on the 

current findings. 

TH-2099_136122031



 

Chapter 1 
 

Introduction 

 

This chapter describes the basics of powdered photocatalysis, photoelectrochemical water 

splitting and dye degradation. It briefly describes the different strategies generally adopted 

in order to increase the efficiency of semiconductor photocatalysts. This chapter gives an 

insight behind the rational of selection of sulphide photocatalytic materials in the thesis. 

Finally, it presents a brief literature survey of some sulphide based materials used in 

photocatalytic and photoelectrochemical system.  
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1.1 GLOBAL ENERGY PERSPECTIVE 

The socio–economic development of the world population is most importantly 

dependent on the access to affordable energy resources. Energy consumption patterns have 

changed significantly over time.1 The world energy consumption was 575 quadrillion British 

thermal units (Btu) in 2015 and is projected to rise to 663 quadrillion Btu by 2030.2 Over 80% 

of the current energy usage is from fossil fuels consisting of liquid petroleum, coal, and 

natural gas.3, 4 The high rate of consumption of this non–renewable energy source leads to its 

fast depletion, which necessitates a transition to an alternative source of energy. 

 In view of increasing greenhouse gas emissions and exploitation of non–renewable 

energy resources, utilization of sustainable and renewable energy sources, such as solar, 

hydro, wind or biomass is highly desirable. The projected high energy demand could be easily 

fulfilled by an abundantly available energy source, solar energy, as the energy from sunlight 

falling on the earth in 1 h (4.3x1020 J) is more than the total energy consumed annually.3 

Energy harvested from solar energy is estimated to be the largest by 2050, surpassing other 

major sources like fossil fuels, wind, hydro and nuclear.5 However, the sporadic availability 

of solar energy during the course of the day as well as season, makes it challenging to maintain 

the continuous extraction of energy. Thus, for the fulfilment of a significant portion of our 

total power by solar energy, large scale storage solutions have to be implemented. An 

attractive and feasible way of energy storage to terawatt scale is by capturing energy in 

chemical bonds of a renewable fuel — hydrogen.3 Hydrogen, one of the most promising 

energy carriers due to its very high energy content per unit mass (142 kJ/g), which is much 

higher compared to other chemical fuels (e.g. liquid hydrocarbons, with an energy content of 

47 kJ/g), gives away only heat and water when burnt.6 

 A major portion of the hydrogen consumed worldwide is derived from steam 

reforming of natural gas (around 48%), while other contributions are mainly based on partial 

oxidation of refinery oil (about 30%), gasification of coal (18%) and water electrolysis (4%).7 

The pathways generating almost 96% of the total hydrogen produced, involves fossil fuels 

(i.e. natural gas, refinery oil and coal), which releases harmful carbon dioxide into the 

atmosphere. However, water electrolysis which involves splitting of water into its 

components, hydrogen (H2) and oxygen (O2) is a carbon–free method and is thus highly 

desirable.  
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 Different methods to generate H2 can be categorised as: (i) thermal, (ii) electrolytic 

and (iii) photolytic processes. Thermal processes utilise the energy associated with chemical 

reactions to obtain H2. H2 generation by steam reforming of natural gas and coal gasification 

occurs by thermal processes. Electrolytic process uses electricity for splitting water into H2 

and O2 by an electrochemical approach. Photolytic process utilises ample source of energy 

— sunlight, to split abundantly available water into its constituents, H2 and O2 by 

photocatalytic, photo–electrochemical or photo–biological approaches.8 

1.2 PHOTO–DRIVEN WATER SPLITTING 

 Semiconductor materials are often selected as artificial photocatalysts to carry out 

water splitting as they can capture solar photons for excitation of an electron from its valence 

band to conduction band and generates the potential required for driving chemical reactions 

at their surfaces.9 Heterogeneous photocatalytic water splitting on a semiconductor material 

proceeds as shown in Figure 1.1. Semiconductor materials consists of a band structure with 

a conduction band and a valence band separated by a band gap. The first step in the solar 

driven water splitting on a semiconductor particle involves (i) absorption of photons by 

semiconductor materials to form electron–hole pairs. When light of energy greater than or 

equal to the band gap of the semiconductor is incident on it, electrons (e-) and holes (h+) are 

generated in the conduction band and valence band, respectively. Important criteria to be 

fulfilled by the semiconductor material for overall water splitting is the band gap of the 

semiconductor and the levels of valence band and conduction band. The bottom level of the 

conduction band has to be more negative than the redox potential of H+/H2 (0 V vs. NHE) for 

reduction of water to H2, while the top level of the valence band of the semiconductor has to 

be more positive than the redox potential of O2/H2O (1.23 V vs. NHE). Therefore, 

theoretically the minimum band gap of a semiconductor for overall water splitting is 1.23 eV 

that corresponds to light of wavelength of about 1000 nm. The second step as shown in Figure 

1.1 involves (ii) charge separation and migration of photogenerated charge carriers. This 

step is limited by a detrimental process of charge recombination. This efficient separation of 

charge is influenced by the crystal structure, crystallinity and particle size of the 

semiconductor material. Defects present in the material act as trap sites or recombination 

centres for the photogenerated electrons and holes. The recombination probability decreases 

for smaller particle size as the photogenerated charge carriers can easily migrate to the surface 
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reaction sites. The final step involves the (iii) chemical reactions at the surface reaction sites. 

The photogenerated electrons and holes that avoid recombination and migrate to the surface 

reaction sites of the semiconductor photocatalyst, can reduce and oxidize water molecules 

adsorbed at the semiconductor to H2 and O2 respectively. This step is determined by the 

number of active sites and the surface area of the semiconductor material.10 

 

Figure 1.1: Graphical representation of the various steps involved in photo–driven water 

splitting on a semiconductor particle. The red arrow represents the unfavourable process of 

charge recombination. Adopted from Ref. 71. 

Photocatalytic water decomposition on a semiconductor, though conceptually seems 

simple, but involves a high positive Gibbs free energy change of ΔG0 = +237 kJ/mol which 

corresponds to ΔE0 = 1.23 V according to the Nernst equation. Photo–driven water 

decomposition is an imitation of photosynthesis where water is converted into H2 and O2 using 

inorganic semiconductors in the presence of sunlight as the following reaction (Equation 

(1.1)): 11 

 H2O ⟶ H2  +  
1

2
 O2 ;  ∆G° =  +237 kJ/mol  (1.1) 

The overall water splitting process can be expressed as (Equation (1.2)–Equation (1.5)): 

Photocatalyst + light ⟶ hVB
+ + eCB

−  (1.2) 
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Oxidation: H2O + 2hVB
+  ⟶ 2H+ +

1

2
O2 (1.3) 

Reduction: 2H+ + 2eCB
−  ⟶ H2  (1.4) 

Overall reaction: H2O ⟶ H2 +  
1

2
 O2 (1.5) 

Photochemical water splitting can be carried out in two different types of configurations 

following identical basic principle: 

(i) Particulate photocatalytic systems or powdered photocatalysis 

(i) Photoelectrochemical cells 

1.2.1 Particulate photocatalytic systems or powdered photocatalysis 

 In particulate photocatalytic water splitting, semiconductor photocatalysts are 

suspended in the form of powder or particles in aqueous solution and works on the principle 

as discussed in Section 1.2. The particles of powdered catalysts have dimensions in the range 

of nanoscale, which leads to much increase in the total surface area of the photocatalyst and 

thus increases the number of available reaction sites.12 This photocatalytic system has the 

advantage of being simple and cost effective.11 However, in smaller particles, the 

photogenerated electrons and holes are spatially confined within close vicinity which makes 

electron–hole pairs more likely to recombine without reacting. Another disadvantage of a 

powdered photocatalytic system is that the reaction products produced in close proximity 

makes the back reaction of the products (i.e. H2 and O2) more likely. The factors of 

recombination of photogenerated charge carriers and the back reaction of the reaction 

products leads to a loss of efficiency in such systems.13, 14 Moreover, the problem of 

separation of the fine suspended particles after reaction, results in high operation costs. These 

disadvantages are less likely in the configuration of photoelectrochemical water splitting as 

discussed in the next section. 
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Figure 1.2: Schematic representation of water splitting on a semiconductor photocatalyst. 

Adopted from Ref. 71. 

 

1.2.2 Photoelectrochemical (PEC) Water Splitting 

 Photoelectrochemical water splitting was first demonstrated by Honda and Fujishima 

in 1972, the basic cell of which consisted of an n–type rutile TiO2 photoanode and platinum 

photocathode.15 Basically, in a PEC device, photon energy is converted into electrochemical 

energy, in order to split water and convert into chemical energy in the form of H2 and O2.16 

The fundamental setup in a PEC device comprises of a working electrode with a photo 

absorber semiconductor material supported on a conductive substrate (usually an n–type 

semiconductor as a photoanode and p–type material as photocathode), a counter electrode 

(Pt) and a reference electrode (e.g. Ag/AgCl).17 

 When the semiconductor electrode is immersed in an electrolyte solution, the Fermi 

level of the semiconductor must equilibrate with the electrochemical potential of the 

electrolyte for which there is a flow of charge from one phase to the other, across the 

semiconductor–liquid junction (SCLJ), resulting in a “band bending” within the 

semiconductor.18 The region within the semiconductor, near the junction, across which the 

charge flows during this equilibration process is termed as the space charge region or 

depletion layer, as the layer is depleted of the majority charge carriers.19 An important 
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characteristic of a semiconductor in PEC water splitting, is the generation of built–in electric 

field in the space charge region which results in band bending near the interface. Upon 

illumination on the semiconductor, non–equilibrium population of electrons and holes are 

generated. The electrochemical potential of electrons and holes under non-equilibrium (i.e. 

illuminated) conditions is expressed as quasi–Fermi level (Efn: quasi–Fermi level of electrons, 

Efp: quasi–Fermi level of holes). The gradient in the quasi–Fermi level results in an electric 

field near the semiconductor surface. The voltage generated by the built–in electric field of 

the semiconductor is termed the ‘photovoltage’ (Vph) or ‘open–circuit voltage’ (VOC).18 The 

photoinduced charges in the photoelectrodes are separated and transferred at a timescale of 

picoseconds by applying electrochemical potentials assisted by the built–in electric field (Ein) 

in the depletion region.20, 21 

 Incoming photons of suitable energy (h ) generate electrons (e-) and holes (h+) which 

are separated and travel through the semiconductor in opposite directions. In an n–type 

semiconductor, the photoinduced minority carriers (holes) migrate to the surface to 

participate in the oxygen evolution reaction and the majority carriers (electrons) are driven 

through an external circuit to carry out the H2 evolution reaction at the counter electrode.16 

However, additional overpotential is required to compensate the energy losses associated with 

the photogenerated holes in passing through the space charge region and electrons in 

transferring through the external circuit to the counter electrode (e.g. platinum).18 In a PEC 

cell, electrons and holes are separated to different electrodes thus decreasing the possibilities 

of recombination. Additionally, the chances of back reaction are much reduced as H2 and O2 

are evolved at different locations i.e. at the photocathode and photoanode surface 

respectively, and the reaction products can be collected in separate chambers.22, 23 However, 

a drawback that acts as a barrier to the implementation of practical PEC cell for water splitting 

is the cost of constructing long lived and efficient PEC system. 
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Figure 1.3: Schematic representation of the basic principle of a photoelectrochemical water 

splitting cell considering an n–type semiconductor as the photoanode. The electrons 

transferred to the counter electrode, and the holes migrate to the surface to participate in the 

surface redox reactions. Ev: valence band edge, Ec: conduction band edge, Ef: Fermi level, 

Efn: quasi–Fermi level of electrons, Efp: quasi–Fermi level of holes, Ein: built–in electric field 

in depletion region. Adopted from Ref. 18.  

1.3 USE OF SACRIFICIAL REAGENTS 

As seen in Section 1.2.1, in a powdered photocatalysis, reverse reaction of the 

products is more likely, due to the close proximity of the products formed. Also, as the 

simultaneous reduction and oxidation of water is a complex multistep reaction, application of 

photocatalysis for overall water decomposition employing pure water is practically less 

feasible.24 Thus, a photocatalytic reaction can be carried out in the presence of a reducing or 

an oxidising reagent, that is, hole scavengers or electron scavengers. In the presence of a 

reducing agent, photogenerated holes oxidize the reducing reagent instead of water. As holes 

are scavenged by the reducing agents, the chance of charge carrier recombination can be 

greatly reduced and more number of electrons are available for the reduction reaction.25 

EF

Vph

EV

EC

n-type semiconductor

Efp

Efn

Ein

h+

ē

V

4H++O2
(g)

2H2O(liq)+4h+

4H++4e- 2H2
(g)

1.23 eV

ē

Photoanode PhotocathodeElectrolyte

ē

TH-2099_136122031



Chapter 1                          Introduction 

10                                                                                                                      Gaurangi Gogoi 
 

Further, back reaction to produce water is suppressed, as O2 is not produced, thus increasing 

the H2 yield and avoiding a subsequent gas separation stage. These sacrificial reagents can be 

basically divided into organic and inorganic electron donors. Organic compounds such as 

hydrocarbons, alcohols and organic acids are employed as hole scavengers (i.e., as electron 

donors) for photocatalytic H2 generation.26 Inorganic sacrificial reagents such as sulfide, S2−, 

and sulfite, SO3
2−, are widely used for the photocatalytic H2 generation as they are efficient 

hole acceptors, thus enabling the effective separation of the charge carriers.27, 28 Similarly, 

photogenerated electrons in the conduction band can be consumed by oxidizing reagents (i.e. 

electron scavengers) such as Fe3+, Ag+ etc. which leads to enhanced O2 evolution reaction.29, 

30 The schematic representation for H2 and O2 production in the presence of electron and hole 

scavengers is illustrated in Figure 1.4. Photocatalytic H2 and O2 generation from water in the 

presence of sacrificial reagents are considered as semi reactions or half–reactions of water 

splitting, and are used to assess the catalytic activity of the photocatalysts.31, 24 

 

Figure 1.4: (A) Photocatalytic hydrogen production and (B) photocatalytic oxygen 

production by semiconductors in presence of sacrificial reagents. Adopted from Ref. 10.  
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1.4 PHOTOCATALYST REQUIREMENTS AND STRATEGIES TO 

DEVELOP EFFICIENT PHOTOCATALYSTS 

 In view of the various processes involved in the photo–driven water splitting process 

on a semiconductor as discussed in Section 1.2, apart from the thermodynamic criteria of 

band energy and band positions, there are functional requirements to be fulfilled by the 

semiconductor photocatalyst such as: (i) suitable visible–light absorption capability with 

appropriate band edge potentials for overall water splitting; (ii) efficient separation of 

photogenerated electrons from reactive holes; (iii) reduction of energy losses associated with 

charge transport and recombination of photo generated charges; (iv) chemical stability to 

prevent corrosion and photocorrosion in aqueous environments; (v) efficient kinetics of 

electron transfer reaction at photocatalyst surface–water interface and (vi) lowered cost and 

toxicity of photocatalyst. Although a large number of semiconductor materials have been 

identified, hardly any material can satisfy all of the necessary requirements.11 In order to 

enhance the overall efficiency of photocatalyst materials, several strategies are adopted as 

discussed below: 

1.4.1 Band Gap Engineering 

 In order to make semiconductors absorb in the visible region, band gap can be 

optimized by introducing chemical impurities or structural defects into the semiconductor 

lattice. Doping with metal, non–metal or co–doping are widely studied. Metal ion dopants 

can introduce a donor level above the valence band or an acceptor level below the conduction 

band in wide band gap semiconductors thus narrowing the band gap and enhance visible light 

activity. Doping of non–metal ions (such as C, N, S etc.) may result in upshift of the valence 

band edge of a wide band gap semiconductor.26 

 Another promising way of tuning band gap is by fabrication of multi–component 

semiconductor in which band gap can be tuned by changing composition via the control of 

stoichiometry of the constituent elements. It can also utilize the advantages of the different 

components.32, 33 As an example, CdS is a promising visible light active photocatalyst due to 

its appropriate band width and band edge position. However, it suffers from drawback such 

as faster recombination of photo–generated charge carriers due to a smaller band gap (~ 2.4 

eV) and photo–corrosion under visible–light irradiation. The band gap can be optimized by 
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combining with another wide band gap semiconductor, ZnS, to form Zn1-xCdxS solid 

solution.34 A great variety of multicomponent semiconductor solid solutions, such as 

LaTiO2N,35 (Ga1-xZnx)(N1-xOx),36 (AgIn)xZn2(1-x)S2,28 ZnS–CuInS2–AgInS2,37 (CuGa)1–

xZn2xS2,38
 MnxCd1-xS,39 Zn1-xCdxS40, 41 etc. are widely studied for photocatalytic water 

splitting. 

 

Figure 1.5: Optimisation of band gap by (A–B) doping, (C) solid solution. Adopted from 

Ref. 55. 

1.4.2 Micro/nano Engineering 

 Compared to bulk materials, semiconductor nanomaterials have advantages of 

increased surface areas, more number of active sites and increased surface area to volume 

ratios, short diffusion length, which leads to an efficient separation of photo generated charge 

carriers.42 The activity of nanomaterials is largely enhanced with a decrease in the particle 

size, which is proved by many examples like Fe2O3, 43 CdS, 44 etc. in which the smaller size 

and higher surface area showed enhanced photocatalytic activity. There have been several 

efforts directed towards development of materials with increased active sites, specific surface 

area, interfacial transport and readily accessible surface catalytic sites. Development of three 

dimensional (3D) hierarchical architectures formed by the assembly of nanostructured 

building blocks such as nanoclusters, nanosheets, nanowires etc. show improved activity due 

to the anisotropic properties and high specific surface areas due to the nanostructured building 

blocks.45 Simple hierarchical microarchitecture, comprising of nanoflowers, proves excellent 

photocatalytic activity due to combination of several factors, such as high surface areas, 

presence of mesopores, better interfacial contacts of the semiconductor with the reactant 

molecules etc. For example, 3D flowerlike nanostructures of metal sulfides like CdS, 46 
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CuInS2, 47 ZnS, 48 ZnIn2S4, 49 etc. exhibited enhanced photocatalytic activity for H2 generation 

from water splitting. 

1.4.3 Co–catalyst Engineering 

The final step in photocatalytic water splitting, i.e., water oxidation and reduction, is 

promoted by the presence of a H2–evolution or O2–evolution co–catalyst, which could 

efficiently extract photogenerated charge carriers, can act as active sites to host for catalytic 

H2 or O2 evolution and improve the stability of photocatalysts by suppressing photo–

corrosion.50 Co–catalysts minimize the overpotential required to drive the multi electron 

processes of hydrogen evolution reaction (HER) and oxygen evolution reaction (OER), and 

helps in reduction of the activation energy necessary for gas evolution.51, 52 Another function 

of loading a co–catalyst is to provide a junction/interface between the co–catalysts and 

semiconductor to enhance electron-hole separation or charge transport.52 Therefore, co–

catalysts play a significant role in improving both the activity and stability of semiconductor 

photocatalysts. However, excessive loading of co–catalyst could decrease the photocatalytic 

activity of a semiconductor due to covering of active sites on the semiconductor, shielding 

the incident light on the photocatalyst, decreasing the surface area or by acting as 

recombination centre.53 Since the first introduction of loading Pt as a co–catalyst onto the 

surface of TiO2 by Kraeutler and Bard in 1978, 54 co–catalyst loading is widely used to obtain 

high activities and to increase the reaction rates in photocatalysis. Best known co–catalysts 

for the hydrogen evolution reaction (HER) are generally precious metals (e.g., Rh, Pd, Ir and 

Pt).55 However, as an alternate to rare and expensive noble metals, several earth abundant and 

low–cost transitional metals, such as Co,56 Ni57 and Cu,58 are widely used. The loading of 

these metals on semiconductor surface leads to the formation of a Schottky barrier at the 

metal/semiconductor interface. The Schottky barrier is a kind of junction, which could 

promote charge separation.50 Several transition metal oxides, such as NiO,59 NiOx,60 CuO61 

etc. are well–known as noble–metal–free co–catalysts for photocatalytic H2 production. 

Many transition metal sulfides, such as FeS,62 NiS,62 NiS2,63 CuS,64 MoS2,65, 66 MoS3
67 and 

WS2
68 have also been widely reported as excellent candidates for cost–effective co–catalysts 

with an aim to substitute for noble metals in photocatalytic H2 evolution.50 
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Figure 1.6: Schematic illustration of photocatalytic hydrogen production in the presence of 

a co–catalyst. Adopted from Ref. 50. 

1.4.4 Interface Engineering  

For efficient separation of the photogenerated electron–hole pairs, interface 

engineering by formation of heterojunctions is proved to be one of the most promising ways 

due to its feasibility and effective spatial separation of the photogenerated charge carriers at 

the heterojunction interface. A heterojunction, generally, is defined as the interface between 

two semiconductors with dissimilar band structure resulting in a band alignment for 

favourable charge transfer.69, 70 Junction of two or more semiconductors or a 

semiconductor/co–catalyst junction plays a crucial role in enhancing the photocatalytic or 

PEC activity for water splitting. Favourable charge transfer from a semiconductor to another 

semiconductor (or a co–catalyst) in a heterojunction basically depends on the electronic 

properties and an efficient interaction among the components. Typically, conventional 

heterojunction photocatalysts are of three types — type–I (straddling gap) heterojunction, 

type–II (staggered gap) heterojunction, and type–III (broken gap).71 In type–I heterojunction 

(Figure 1.7 (A)), the electron–hole pair cannot effectively separate as electrons and holes get 

accumulated on the same semiconductor. Further, as the site for reduction reaction is the 

semiconductor with lower redox potential, redox ability of the heterojunction is reduced. In 

type–II heterojunction (Figure 1.7 (B)), because of the feasible band alignments, electrons 
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migrate to semiconductor B while holes will transfer to semiconductor A under light 

irradiation, thus spatially separating the electron–hole pairs. However, the redox ability in a 

type–II heterojunction is also compromised as the site for the reduction and the oxidation 

reaction is at a lower reduction potential and lower oxidation potential, respectively. In type–

III heterojunction (Figure 1.7 (C)), the electron–hole migration and thus separation is not 

possible as the bandgaps of the semiconductors do not overlap due to very high staggered 

gap. Among the conventional heterojunctions, type II heterojunction is the most effective, 

due to its suitable alignment for efficient separation of electron–hole pairs, wide range of 

absorption of light, and faster mass transfer and it is widely studied for enhancing 

photocatalytic activity e.g. TiO2/g–C3N4,72 BiVO4/WO3,73 CuSbSe2/TiO2
74 etc. In the 

conventional heterojunctions, electron–hole separation occurs efficiently at the cost of the 

redox ability of the photocatalyst, as the site for reduction and oxidation processes has a lower 

reduction and oxidation potential, respectively.75 As a solution to this problem, in 1979, Bard 

et al. proposed a Z–scheme heterojunction system wherein the redox potential of the 

photocatalytic system is increased.76 A conventional Z–scheme photocatalytic system 

consists of two different semiconductors, A and B, and a reversible redox couple (e.g. I-/IO3-

, Fe2+/Fe3+) (Figure 1.7 (D)) (e.g. Pt-Sm2Ti2S2O5–IO3-/I-–TiO2) 77or noble‐metal nanoparticle 

(e.g. Pt, Au) as the electron mediator (e.g. CdS–Au–TiO2,78 TiO2–Pt–CdS79). In the Z–scheme 

system, photogenerated electrons from the conduction band of A, migrate to the valence band 

of B through the redox mediator. As electrons are accumulated on semiconductor B, having 

a higher reduction potential, and holes get accumulated on semiconductor A, possessing 

higher oxidation potential, along with the spatial separation of electron–hole pairs, a higher 

redox ability can also be achieved in the Z–scheme heterojunction. However, conventional 

Z–scheme photocatalysts can only be constructed in the liquid phase (in case of shuttle redox 

couple) or has the drawback of utilisation of noble metal electron mediator, thereby limiting 

its wide range of photocatalytic application.80 In order to overcome these disadvantages, in 

2013, Yu et. al proposed a direct Z–scheme heterojunction photocatalyst concept which 

consists of two different semiconductors to form a heterojunction with high redox ability, 

without an electron mediator (Figure 1.7 (E)).81 Since then, huge accomplishments have been 

achieved based on direct Z–scheme based photocatalysts e.g. CuInS2/g–C3N4,82 CdS/Co9S8
83

 

etc. 
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Figure 1.7: Schematic illustration of the electron–hole separation on (A) type–I, (B) type–II, 

(C) type–III heterojunctions, (D) Z–scheme and (E) direct Z–scheme heterojunction. Adopted 

from Ref. 71. 

1.5 SELECTION OF SULFIDE SEMICONDUCTORS 

Several semiconductors such as oxides, oxynitrides and metal sulfides are widely 

studied for H2 evolution by water splitting under solar irradiation.10 However, most of the 

metal oxides have a wide bandgap due to the deep O 2p orbital which constitute their valence 

band, thus making them mostly active under ultraviolet light, which accounts for only ~ 4% 

of the solar spectrum. In case of metal sulfide photocatalysts metal cations are of d0, d5 and 

d10 configurations. The conduction bands of sulfide photocatalysts generally comprises of d 

and sp orbitals, while the valence bands is constituted of S 3p orbitals, which are much more 

negative than O 2p orbitals, thus resulting in narrow band gaps with suitable response to the 

solar spectrum.18 Most metal sulfides display negative conduction band, suggesting strong 

reduction ability. However, in spite of the excellent visible light responses, metal sulfide 

photocatalysts suffer from the drawback of photocorrosion, in which the photogenerated 

holes oxidize the metal sulfide photocatalyst itself. To prevent it, sulfide photocatalysts 

usually require hole scavengers such as S2− and SO3
2− to achieve photocatalytic H2 

production.38 Numerous metal sulfides, in the presence of sacrificial reagents, have widely 

been reported as photocatalysts for water splitting in the past several decades. Over 30 kinds 

of sulfide materials can act as efficient photocatalysts for H2 evolution via water splitting.84 
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Among them, multinary metal sulfides have attracted great attention because of the advantage 

of flexible constituents of more than two component elements. These inorganic compounds 

are advantageous due to the flexibility of using environmentally benign elemental 

components, tuning the band structures through alloying and thus exhibit excellent light–

harvesting properties.85, 86 Many metal sulfide photocatalysts with one or more strategies to 

enhance the efficiency have been reported for efficient photocatalytic activity as well as 

photoelectrochemical water oxidation and are tabulated in Table 1.1 and Table 1.2 

respectively: 

Table 1.1: Tabulation of some sulfide based systems /modified by one or more of the above 

mentioned strategies and utilised in photocatalytic hydrogen generation. 

Photocatalyst Sacrificial reagent 

used 

Rate of hydrogen 

evolution 

Apparent 

quantum 

yield  

(AQY) (%) 

Refer

ence 

Zn0.2Cd0.8S/MoS2 3% Na2S (0.35 M) and 

Na2SO3 (0.25 M) 

0.42 mmolh-1 g-1 — 87 

Cd0.2Zn0.8S/g-C3N4 Na2S (0.1 M) and 

Na2SO3 (0.1 M) 

0.208 mmolh-1 — 88 

Zn0.5Cd0.5S@MoS2/RGO lactic acid 2.31mmolh-1 — 89 
 

Pt-RuS2-Cd0.5Zn0.5S Na2S (0.6 M) and 

Na2SO3 (0.8 M) 

0.72 mmolh-1 g-1 4% 90 

Mn0.8Cd0.2S/g-C3N4  Na2S (0.1 M)and 

Na2SO3 (0.5 M) 

4 mmolh-1 g-1 4.1% at 420 

nm 

91 

AuPd/ Cd0.5Zn0.5S Na2S (0.44 M) and 

Na2SO3 (0.31 M) 

3.65 mmolh-1 g-1 — 92 

ZnS-In2S3-CuS NCs Na2S (0.1 M) and 

Na2SO3 (1.2 M) 

0.036 mmolh-1 g-1 22.6% at 

420 nm 

93 

Ag2S/CdS Na2S (0.35 M)and 

Na2SO3 (0.25 M) 

0.087 mmolh-1 — 94 

CaIn2S4/g-C3N4 Na2S (0.5 M) 0.102 mmolh-1 g-1 — 95 
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and Na2SO3 (0.5 M) 

MoS2-Mn0.2Cd0.8S/MnS Na2S (0.35 M) and 

Na2SO3 (0.25 M) 

0.995 mmolh-1 — 96 

1 mol% 

CuS/Mn0.3Cd0.7S 

Na2S (0.35 M) and 

Na2SO3 (0.25 M) 

106.84 mmolh-1 g-1 — 97 

MoS2/ZnIn2S4 triethanolamine 8.898 mmolh-1 g-1 — 98 

Cu2ZnSnS4-Pt Na2S (0.1 M) and 

Na2SO3 (0.1 M) 

1.02 mmolh-1 g-1 — 99 

MoC-QDs/C/ZIS Lactic acid 1.131 mmolh-1 g-1 — 100 

MoS2/CQDs/ZnIn2S4 Na2S (0.1 M) and 

Na2SO3 (0.1 M) 

0.750 mmol5h-1 25.6% at 

420 nm 

101 

Cubic quantum 

dot/hexagonal 

microsphere ZnIn2S4 

Na2S (0.35 M) and 

Na2SO3 (0.25 M) 

0.114 mmolh-1 — 102 

CdS quantum dot 

sensitized 

ZnFe2O4/ZnIn2S4 

Na2S (0.35 M) and 

Na2SO3 (0.25 M) 

0.079 mmolh-1 1.18% at 

405 nm 

103 

 

Table 1.2: Tabulation of performance of some sulfide based systems or modified by one or 

more of the above mentioned strategies and utilised in photoelectrochemical water oxidation 

Photocatalyst Synthesis 

method 

Electrolyte Photocurrent 

generated (mAcm-2) 

Refer

ence 

CuInS2:Sb films Chemical bath 

depositon 

K2SO3 (0.25 M) and 

Na2S (0.35 M) 

−8.58 (at 1.0 V vs Pt) 104 

CuInS2 solvothermal Na2SO3 (0.1 M) 0.072 (at −0.45 V) 105 

CuIn0.96Sn0.04S2 mechanical 

ball milling 

Na2S (0.25 M) 3.52 (at 0 V vs 

Ag/AgCl) 

106 

Cu2ZnSnS4 

powder 

solid–state 

reaction 

K2SO4 (0.1 M), 

Na2HPO4 (0.025 M), 

KH2PO4 (0.025 M) 

0.3 (at 0.95 V vs 

Ag/AgCl) 

107 
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Cu2ZnSnSe4 NCs solvent 

assisted 

NaCl (1 M) ∼5 (at 1.2 V vs 

Ag/AgCl) 

108 

CZTS-Ag2S NCs colloidal Eu(NO3)3 (1 M) 0.58 (at 0.5 V vs 

Ag/AgCl) 

109 

CuInS2 nanorod 

array 

template–

assisted 

Na2SO4 (0.5 M) 0.01 (at 0.3 V vs 

RHE) 

110 

CuInS2-MoS2 hydrothermal Na2SO4 (0.5 M) 7.8 × 10−3 111 

(Cu2Sn)x/3Zn1−xS 

 

solvothermal Na2SO4 (0.2 M) 0.31 (at 0.3 V) 112 

In2S3/Co-Pi hydrothermal Na2S (0.35 M) and 

Na2SO3 (0.25 M) 

0.68 (at 1.23 V vs 

RHE) 

113 

graphene/CdS/Ag2

S 

SILAR Na2S (0.1 M) 5.18 114 

CuxZn1-

xIn2S4@TiO2 

nanotube array 

solvothermal Na2S (0.24 M) and 

Na2SO3 (0.35 M) 

 

1.11 (at 0.6 V vs 

Ag/AgCl) 

115 

 

1.6 PHOTOCATALYTIC DYE DEGRADATION 

The rapid advancement of industrial revolution has brought in a wide scale of 

problems to the society, apart from its developmental contributions. One of the major issues 

is contamination of water due to disposal of harmful industrial waste directly into water 

bodies which leads to adverse effect on the environment and wildlife. Among all industrial 

wastes, textile waste is one of the most harmful contaminant based on the amount and 

composition of the effluents from the textile industries.116 The textile industries produces 

more than 7 × 105 tons of dyes per annum, and about 10–15% of these dyes are discharged as 

effluents into the water bodies during manufacturing and processing procedures.117 Many 

methods like precipitation, adsorption, flocculation, flotation, electrochemical, oxidation, 

reduction, aerobic, anaerobic, and biological treatment methods are conventionally used for 

water treatment. However, these methods fail in complete degradation of the dyes as they 

have limitations such as less efficiency and production of secondary sludge, which has to be 

further disposed thus making them less effective.118 Hence, there has been constant search 
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among industrialists and researchers for an eco–friendly treatment method to completely 

degrade the pollutants.  Presently, much of the degradation of synthetic dyestuff in industry 

is carried out by heterogeneous photocatalyst by formation of highly reactive chemical 

species that degrade the pollutant/dye molecules into biodegradable compounds and is known 

as the advanced oxidation process (AOP). In AOP, pollutants are completely oxidised into 

simple molecules like water and carbon dioxide in the presence of strong radicals (OH• and 

O2
•−) . AOP has been approved by the Environmental Protection Agency (EPA) as the best 

available technology to meet the standard to provide safety and sufficiently control the 

pollution of industrial processes and contaminated sites. There are several different ways to 

produce these oxidative radicals via AOP, viz., Fenton based processes, ozone based 

processes, photocatalysis etc.119–122 Conventional AOPs can be classified into two types — 

(a) non–photochemical and (b) photochemical AOPs. Photocatalytic degradation technology, 

a photochemical AOP, generates radicals for the degradation of contaminants in the presence 

of a semiconductor photocatalyst. The basic mechanism of photocatalytic dye degradation is 

represented in Figure 1.8 and it involves the following steps: (i) absorption of photons of 

energy (hν) greater than the band gap of the semiconductor, which result in generation of an 

electron–hole pair in the conduction and valence band respectively. (Equation (1.6)). (ii) 

reaction of the photogenerated e- and h+ with available oxidants and reductants, respectively. 

The photogenerated electrons could reduce the dye or react with electron acceptors such as 

O2 adsorbed on surface of the catalyst or dissolved in water, reducing it to superoxide radical 

anion (O2
•−). The photogenerated holes, on the other hand, can oxidize the organic molecule 

to form R+, or react with OH−or H2O, oxidizing them into OH• radicals. (Equation (1.7) and 

Equation (1.8)) (iii) The OH• radicals could combine to form highly oxidant species, H2O2 

(Equation (1.9)). (iv) The resulting radical, OH•, being a very strong oxidizing agent 

(standard redox potential +2.8 V) can oxidize most azo dyes to the mineral end–products, 

carbon dioxide and water (Equation (1.10) and Equation (1.11)). All the steps can be 

summarised as follows: 123, 124 

Photocatalyst + hν ⟶ hVB
+ + eCB

−    (1.6) 

eCB
− + O2 ⟶ O2

•−    (1.7) 

hVB
+ + H2O ⟶ OH• + H+   (1.8) 
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OH• +  OH•  ⟶ H2O2   (1.9) 

H2O2 +  O2
•−  ⟶  OH• + OH− + O2  (1.10) 

Dye +  OH•  ⟶  CO2 + H2O   (1.11) 

 

Figure 1.8: Schematic illustration of photocatalytic dye degradation process. Adopted from 

Ref. 118. 

1.7 SCOPE OF THIS THESIS WORK 

 As discussed in Section 1.5, sulfide semiconductors constitute a promising class of 

heterogeneous photocatalyst owing to its suitable band gap for absorbing visible region of the 

spectrum. Furthermore, most sulfide semiconductors possess negative conduction band, 

suggesting strong reduction ability thus proving to be a promising H2 evolution catalyst. 

However, sulfide semiconductor materials suffer from the drawback of charge carrier 

recombination owing to the small band gap. Thus in the present work, taking model sulfide 

semiconductors, the increase in photocatalytic and photoelectrochemical water oxidation and 

dye degradation is studied by adopting one or more of the widely adopted strategies as 

discussed in Section 1.5. The work carried out in this thesis constitute of the following 

objectives: 

VB

CB
ē

h+

H2O

O2

OH.

O2
.-

Dye CO2+H2O
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 Design and synthesis of different multinary sulfide semiconductors for utilization in 

photocatalytic application 

 Improving the charge carrier availability and efficient absorption of solar irradiation 

by designing strategies like formation of heterojunction with other semiconductors 

with suitable band positions, formation of solid solution, utilization of co–catalyst and 

formation of direct Z–scheme heterojunction 

 Understanding the details of the charge transfer mechanism and carrier dynamics in 

the designed systems leading to the enhanced photocatalytic activity in the modified 

systems 

 Application of the designed semiconductor heterostructures for improved 

photocatalytic water oxidation as well as dye degradation (Chapter 3 and 4) and 

photoelectrochemical water oxidation (Chapter 5) compared to the bare counterpart 
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Chapter 2 
 

Experimental Section 

 

This chapter summarises the chemicals and materials used and basic instrumental techniques 

adopted for characterisation of the photocatalytic materials in the entire thesis. It describes 

the detailed experimental procedure for analysis of different photocatalytic activity. It also 

explains the various methods used for the evaluation of photocatalytic activity of the 

synthesised compounds. 
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2.1 INTRODUCTION 

 This chapter summarizes various materials and chemicals used in the preparation of 

all the compounds in this thesis. The synthesis were carried out by hydrothermal method or 

ultrasonic dispersion which gives product with decent yield. The detailed characterisation of 

the compounds were carried out by different experimental techniques which are listed in this 

chapter. Finally, the experimental setup and the various parameters adopted to evaluate the 

photocatalytic/photoelectrochemical/dye degradation activity of the compounds is described 

in this chapter. 

2.2 MATERIALS AND CHEMICALS USED 

 The various chemicals used in the synthesis of the compounds and required for the 

different experiments are listed here. Copper(II) acetate monohydrate (Merck), zinc(II) nitrate 

hexahydrate (Himedia), tin(II) chloride dehydrate (Rankem), ethylenediamine (Merck), 

thiourea (Merck), ammonium heptamolybdate (Sigma Aldrich), cetyltrimethylammonium 

bromide (CTAB) (Rankem), zinc acetate dihydrate (Merck), cadmium acetate dihydrate 

(Merck), thioacetamide (Spectrochem), hexamine (Merck), L-cysteine (Sigma Aldrich), 

melamine (Sigma Aldrich), ethylenediaminetetraacetic acid disodium salt dehydrate 

(Himedia), p-Benzoquinone (Sigma Aldrich), Isopropanol (Merck), sodium sulfate 

anhydrous (Merck), zinc chloride (Sigma Aldrich), indium (III) chloride (Sigma Aldrich), 

sodium orthovanadate (Alfa Aesar), sodium sulfate (Merck), N methyl pyrollidone (Merck), 

terephthalic acid (Loba Chemie), sodium hydroxide (Sigma Aldrich), Nafion perfluorinated 

resin solution (5 wt% in lower aliphatic alcohols and water) (Sigma Aldrich), FTO coated 

glass substrates (Sigma Aldrich) and ethanol. All the chemicals were used as received without 

any further purification. 

2.3 CHARACTERISATION TECHNIQUES 

 This section describes the various instrumental techniques used for characterisation 

of synthesized materials and their photocatalytic efficiency evaluation. The instruments used 

for different characterisations are listed below: 

1. The crystal phase purity of the synthesized compounds were determined by powder 

X-ray diffraction patterns (PXRD) in Rigaku TTRAX III X- ray diffractometer with 
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Cu Kα radiation (λ = 1.540 Å) source (Chapter 3 and Chapter 4) and Bruker D2 

PHASER with Cu Kα X-ray generator (λ = 1.540 Å) (Chapter 5). The scan range was 

10° − 80° with a step size of 0.03°/s 

2. Morphological features of the synthesized compounds were obtained by field-

emission scanning electron microscopy (FESEM) in a Zeiss Sigma instrument at an 

operating voltage of 3 – 10 kV 

3. Elemental and compositional analysis were carried out by energy-dispersive X-ray 

(EDX) spectroscopic analysis using INCA, Oxford instruments 

4. Structural analysis of the synthesized compounds were performed by transmission 

electron microscopy (TEM) in a JEOL JEM 2100 instrument at an operating voltage 

of 200 kV 

5. Optical properties of the compounds were characterized by a UV-visible diffuse 

reflectance spectroscopy (UV-Vis DRS) in a JASCO V-650 spectrophotometer with 

an integrating sphere of 150 mm and BaSO4 as an internal reflectance standard and a 

PerkinElmer Lambda 750 UV-visible spectrophotometer  

6. The absorbance profile of Rhodamine B dye solution was measured in a Perkin Elmer 

Lambda 25 UV-visible spectrophotometer 

7. Excited state charge transfer properties of the compounds were determined by steady-

state photoluminescence spectra (PL) recorded in a Horiba Scientific Fluoromax-4 

spectrophotometer  

8. Excited state charge carrier kinetics were determined by time-resolved 

photoluminescence (TRPL) measurements performed on a LifeSpec II Edinburgh 

instrument 

9. Fourier transformed infrared spectroscopic (FT-IR) study was performed in a 

PerkinElmer FT-IR instrument at room temperature with KBr pellet  

10. Structural bonding nature in compounds were determined by Laser micro Raman 

analysis carried out in a Horiba LabRAM HR spectrometer at an excitaion of 514 nm 

(Chapter 3 and Chapter 5) and 488 nm (Chapter 4) 

11. Bonding state, surface properties, chemical environment and oxidation state of the 

compounds were characterized by X-ray photoelectron spectroscopy (XPS) carried 

out using a Kratos AXIS Supra photoelectron spectrometer with a monochromatized 

X-ray source of Al-K  (hν = 1486.6 eV) (Chapter 4) and an ESCALAB Xi+ (Made: 
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Thermo Fisher Scientific Pvt. Ltd., UK) photoelectron spectrometer with a 

monochromatized Al-K  (hν = 1486.6 eV) X-ray source (Chapter 5) 

12. Surface area analysis and pore size distribution in the samples were carried out in a 

Beckman-Coulter SA 3100 nitrogen adsorption apparatus at liquid N2 temperature 

with prior degassing at 150 °C for 3h 

13. Amount of gas produced in the photocatalytic experiment was analysed by gas 

chromatography using Nucon 5765 using a thermal conductivity detector (TCD) 

(Chapter 3), Agilent 7890A GC (Chapter 4) and Agilent 7820A (Chapter 5) 

14. All the electrochemical measurements (Chapter 4 and Chapter 5) were performed 

in a CH1120B electrochemical workstation 

15. To determine the intrinsic charge transport properties in the photoelectrode, 

electrochemical impedance spectroscopic (EIS) analyses of the devices are performed 

using an electrochemical workstation provided by CH instruments model CHI680E, 

Inc., Austin, TX. (Chapter 5) 

2.4 EXPERIMENTAL PROCEDURES FOR PHOTOCATALYTIC 

 ACTIVITY 

2.4.1 Photocatalytic Hydrogen Production 

 The photocatalytic H2 evolution reaction from water was carried out at room 

temperature and atmospheric pressure in a two neck double walled borosilicate round-

bottomed flask (100 mL) with a water circulation through the outer jacket. The necks of the 

reactor were sealed with rubber septa to prevent leakage of the gas produced. The 

photocatalytic reaction was initiated by irradiation from a 500 W tungsten−halogen lamp 

(Halonix, India) with emission profile in between the wavelength ranges 195 – 1100 nm, 

placed 15 cm away from the reactor. In order to carry out the experiment, definite amount of 

photocatalyst (0.2 g in Chapter 3 and 0.02 g in Chapter 4) was dispersed in water (50 mL) 

with Na2SO3 and Na2S (0.25 M and 0.35 M respectively in Chapter 3, 0.1 M and 0.1 M 

respectively in Chapter 4) as sacrificial reagents. The reactor was purged with N2 for ~ 10 

min at a flow rate of 0.1 L min−1 monitored by a rotameter and subsequently the system was 

evacuated in order to liberate the dissolved oxygen and any other gases. This process was 

repeated twice before irradiating the system by the light source. During irradiation, the 

suspension was continuously stirred so that the catalyst is uniformly exposed to the light 
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source. Aliquots of the gaseous headspace were collected every 15 min for a total of 1 h using 

a 1 mL gastight syringe, which was then analysed by gas chromatography (Nucon 5765 in 

Chapter 3 and Agilent 7890A in Chapter 4), equipped with a thermal conductivity detector 

(TCD) and molesieve column with N2 as the carrier gas. Blank reactions in the absence of 

photocatalyst or light were also carried out and in which case no H2 was detected, suggesting 

the role of the photocatalysts in H2 evolution. A schematic representation of the experimental 

setup for photocatalytic H2 production is shown in Figure 2.1. 

 

Figure 2.1: Schematic Representation of the experimental setup for photocatalytic H2 

evolution. 

2.4.2 Reusability of the Photocatalysts 

 To examine the reusability of the photocatalyst, the best performing catalyst was 

tested for three cycles of the photocatalytic experiment for H2 production. In a typical 

experiment specific amount of the catalyst was dispersed in 50 mL of water containing 

sacrificial reagents (Na2SO3/Na2S) as described in Section 2.4.1 and experiment for 

photocatalytic H2 evolution was performed. After one hour of irradiation, the catalyst was 

washed with deionised water and ethanol and dried and the similar procedure for 

photocatalytic H2 production was repeated with a fresh solution of sacrificial reagents. 

Similarly, the experiment was repeated for a third cycle. 
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2.4.3 Photocatalytic Rhodamine B Dye Degradation 

 The dye degradation efficiency of the catalysts were analyzed by monitoring the 

absorbance of Rhodamine B (RhB) dye solution. In Chapter 3, Rhodamine B dye 

degradation experiments were performed in a photochemical reactor with a double–walled 

immersion well that permits water circulation and it houses a MVL2 125W low pressure 

mercury vapour lamp as the light source to initiate the photocatalytic dye degradation 

reaction. The experimental setup in Chapter 4 consisted of a double walled round bottomed 

flask (100 mL) irradiated with a 500 W tungsten−halogen lamp (Halonix, India) light source 

from a distance of 15 cm from the reactor. During the photocatalytic dye degradation 

experiment, photocatalyst (50 mg) was dispersed in aqueous Rhodamine B dye solution (100 

mL (Chapter 3) and 50 mL (Chapter 4), 10−5 M). Before irradiation, the mixture was stirred 

in the dark for ∼1 h to achieve adsorption−desorption equilibrium among the dye, 

photocatalyst particles, dissolved oxygen, and atmospheric oxygen. Solution aliquots (2 mL) 

were collected from the photoreactor in every 10 min upto 1 h followed by recording their 

electronic absorption spectra in the range of 200 − 800 nm. The degradation of Rhodamine B 

dye was determined by monitoring the decrease in the absorbance at 552 nm. The 

photocatalytic degradation efficiency was calculated as follows 

Efficiency(%) =
(C0 − C)

C0
× 100 

Where, C0 is the initial RhB dye concentration and C is the concentration of dye after certain 

time of light irradiation.1 

2.4.4 Fabrication of Photoelectrode 

 

Figure 2.2: Schematic representation of various steps involved in photoelectrode preparation. 
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1 cm2 FTO and dried at
60°C overnight

NMP + Nafion
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For the fabrication of photoelectrode for water oxidation, 3 mg of the catalyst was 

measured, followed by addition of 10 mL of Nafion solution and 100 mL of N-methyl 

pyrollidone and sonicated for 30 min to form a uniform slurry. 50 mL of the homogeneous 

catalyst ink is then uniformly drop casted onto an area of 1 cm2 of a pre–cleaned FTO and 

dried at 60 °C overnight in a vacuum oven which are then used as the working electrodes for 

the photoelectrochemical characterisations. Step–by–step preparation of photoelectrode is 

shown in Figure 2.2. 

2.4.5 Photoelectrochemical Water Oxidation 

 

Figure 2.3: Schematic representation of the experimental setup for photoelectrochemical 

water oxidation. 

The electrochemical characterisations were carried out at room temperature in a three 

electrode configuration in a CH1120B electrochemical workstation. A standard Ag/AgCl 

electrode and a platinum wire electrode are used as the reference and counter electrode, 

respectively. 0.5 M Na2SO4 aqueous solution is used as electrolyte for all the measurements 

(pH 6.8). Potential for the measurements are calibrated to the reversible H2 electrode (RHE) 

according to the Nernst equation, 
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ERHE = EAg AgCl⁄  + 0.059 ∗ pH + EAg AgCl⁄
0  

Where ERHE is the potential vs. RHE, EAg AgCl⁄  is the experimentally measured potential vs. 

Ag/AgCl, EAg AgCl⁄
0  is the standard potential of Ag/AgCl reference electrode against RHE 

(0.1976 V) and pH is the pH of the electrolyte. Polarization curves are obtained by linear 

sweep voltammetry (LSV) with a scan rate of 10 mV/s. The light response of the photocatalyst 

is measured by chronoamperometric curves measured at 0.7 V vs Ag/AgCl. The light source 

is a 300 W tungsten halogen lamp with the light intensity adjusted to 100 mW/cm2. A 

schematic representation of the experimental setup for photocatalytic H2 production is shown 

in Figure 2.3. 

2.5 PHOTOCATALYTIC ACTIVITY EVALUATION 

2.5.1 Apparent Quantum Yield 

 The performance of the photocatalysts were evaluated by measuring the Apparent 

Quantum Yield (AQY) of the photocatalysts according to the following equation: 

AQY =  
Number of reacted electrons

Number of incident photons
 × 100% 

=  
Number of oxygen/hydrogen molecules produced in 1 hour

Number of incident photons in 1 hour
 × 100% 

 Detailed calculation of AQY was carried out following Sasikala et al.2 Total incident 

light intensity on the reactor was measured using an HTC LX101A lux meter. Considering 

the uniform intensity distribution of lamp, a correction for the difference in the area of the 

sensor of lux meter and the reactor surface area is evaluated. From the optical absorbance of 

all the photocatalysts, it is seen that all the photocatalysts absorb within the wavelength range 

of 200 – (200 + n) nm. Therefore, the fraction of light intensity only in this wavelength region 

(vary with different samples) is considered for quantum efficiency calculation. The emission 

profile of the lamp gives the incident light intensity in the range of 200 – 1100 nm. Now, the 

incident light intensity in the range of 200 – (200 + n) nm (Em) was obtained by multiplying 

the total incident intensity with the ratio of the area in 200 – (200 + n) nm range to the total 

area of the emission profile. Thus, total incident light in 1 h in the wavelength range of 200 – 

(200 + n) nm (Em) is given by 
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Em =  

(Total incident light intensity × Area under the curve for the wavelength 

in the wavelength rangeof 200 − (200 + n) nm)

Area under the curve for the entire emission profile
 

 Since the light used was a polychromatic light, the energy of a single photon is 

considered as the weighted average energy (Ea) of all the photons in 200 – (200 + n) nm 

wavelength range. Now, the contribution of the photon of each wavelength i (i from 200 – 

(200 + n) ) towards the total energy can be calculated as 

Ei =  
Iλi

Itotal
 ×  

hc

λi
 

Where, I i is the intensity at wavelength i and Itotal is obtained from the lamp emission profile 

by adding the intensities of all photons in the wavelength range of 200 – (200 + n) nm. The 

weighted average energy of single photon (Ea) is calculated as 

Ea  =  ∑ Ei(λi)

(200+n)

λ=200

 

Total number of incident photons (N) in the wavelength range of 200 – (200 + n) nm is given 

by 

N =  
Em

Ea
 

AQY (%) =  
2 × number of moles of H2 produced in 1 h × (6.023 × 1023)

Total number of incident photons in 1 h (N)
 × 100 

2.5.2 Electrochemical Impedance (EIS) Spectra 

 Electrochemical impedance spectroscopy (EIS) is a widely used technique in order to 

study the kinetics of interfacial charge transfer at various interfaces in a photoelectrochemical 

device. EIS is a steady state method for measuring the current response to the modulation of 

a tiny ac voltage as a function of the angular frequency, ω. The impedance spectrum is 

measured in the frequency range of 0.1 Hz – 1 MHz and displayed in the Nyquist plot. Nyquist 

diagram shows real and imaginary part of impedance as displayed in Figure 2.4 (A). The 

Nyquist plot typically features three semicircles, one at the low frequency region is attributed 
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to the Nernst diffusion within the electrolyte (Z3), semicircle in the mid–frequency region 

corresponds to electron transfer at the semiconductor electrolyte interface (Z2) and the smaller 

semicircle at the higher frequency region is attributed to the redox reaction at the platinum 

counter electrode/electrolyte interface (Z1) (Figure 2.4 (A)).3 Rh (or Rs) corresponds to the 

sheet resistance of FTO substrate in the high frequency region in the range of 106 Hz. Figure 

2.4 (B) schematically represents a PEC cell with the various processes of charge transfer. The 

spectroscopic scan over the relevant window of frequencies is resolved into a combination of 

resistances and capacitors in a given arrangement by fitting it into an equivalent circuit (EC), 

which is a useful tool for the interpretation of experimental results.4 For the interpretation of 

EIS, a classical physical model of a semiconductor–electrolyte junction is adopted to depict 

the charge carrier dynamics which shows the generation of photogenerated charge carriers on 

light absorption (G), along with the different surface state trapping, and interfacial charge- 

transfer reactions at the semiconductor–electrolyte junction (Figure 2.4 (C)). Based on the 

different processes as shown in Figure 2.4 (C), an equivalent circuit (EC) model is depicted 

in Figure 2.4 (D) to interpret the EIS data. The model presents the central role of a surface 

state acting as a recombination centre, providing a resistance as given by Rtrapping. Surface 

states can also affect the charge transfer of holes to the donor species in solution, as described 

by Rct,trap. The crucial element for the analysis of EIS are the capacitances and their 

combination in the EC. There are two capacitances — capacitance of the bulk, Cbulk and 

capacitance of the surface states of the semiconductor, Ctrap which are included in the EC 

model.4 

 In Chapter 5, electrochemical impedance spectra (EIS) was measured using an 

electrochemical work station (Model CHI760D, Inc., Austin, TX) in 0.5 M Na2SO4 aqueous 

solution in a frequency range of 100,000 Hz to 0.1 Hz with an amplitude of 10 mV. 
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Figure 2.4: (A) A typical Nyquist plot. The three semicircles are assigned to the impedance 

related to the charge transport at Pt electrolyte interface (Z1), semiconductor electrolyte 

interface (Z2) and Nernst diffusion of ions within the electrolyte (Z3), R1, R2 and R3 are 

described as the real parts of Z1, Z2 and Z3, respectively. Rh is defined as the sheet resistance 

in the high-frequency range over 106 Hz (Taken from Ref. 5), (B) Schematic representation 

of the experimental setup for photoelectrochemical water oxidation with the different 

interfaces of charge transfer, (C) A proposed physical model of a semiconductor–electrolyte 

junction (Taken from Ref. 4) and (D) Equivalent circuit used to interpret the electrochemical 

impedance data. (Taken from Ref. 4) 

 A fundamental property of any semiconductor–electrolyte system is its flat-band 

potential (VFB) which is defined as the applied voltage such that there is no band bending or 

charge depletion at the semiconductor–electrolyte interface.6 Many important parameters like 

the dopant type (n-type or p-type), donor density (N in the equation., NA for p-type, and ND 

for n-type) and flat-band potential (VFB) can be determined by conducting analysis of the 

V
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interface
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applied potential (E) in relation to interfacial capacitance (Csc) as described by Mott–Schottky 

equation,7 

1

CSC2
 =  

1

Neεε0

[E − EFB  −  
kT

e
] 

where Csc is the interfacial capacitance of the semiconductor, N is the charge carrier density, 

e is the fundamental charge constant, ɛ0 is the permittivity of vacuum, ɛ is relative permittivity 

of the semiconductor, E is applied potential, k is the Boltzmann constant, and T is the 

temperature. A plot of 1/C2 against V, yield a straight line from which VFB can be determined 

from the intercept on the X–axis. The value of N can be determined from the slope knowing 

ε and A as shown in Figure 2.5.  

 In our experiments in Chapter 5, Mott–Schottky curves were obtained in a potential 

range from 0 to 1.5 V vs. Ag/AgCl at a frequency of 1000 Hz under dark condition. 

 

Figure 2.5: A typical Mott–Schottky plot. (Taken from Ref. 6) 

2.5.3 Faradaic Efficiency 

 In order to evaluate the PEC activity of the catalysts, Faradaic efficiency was 

measured, which gives the effective utilisation of charges to generate the target products of 

H2 or O2 gas.8 Determination of Faradaic efficiency is the most useful method to verify that 
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the generated photocurrent is in fact due to water splitting and not photocorrosion of the 

electrodes or other side reactions. It is defined as the ratio of the actual evolved gas divided 

by the theoretically evolved gas based on the measured photocurrent.9 

Faradaic Efficiency =  
Experimental Gas Evolution

Theoritical Gas Evolution
 

=  
Measured Oxygen Evolution

Gas Evolution Based on Photocurrent
 

=  
Oxygen Evolution Measured

((
Jphoto∗A∗t

e )/4)/NA

∗  100% 

Where Jphoto is the photocurrent density (A cm−2) generated during the measurement time t 

(seconds); A is the illumination area of the photoelectrode (cm2); e is the charge of an electron 

(1.602 × 10−19 C) and NA is the Avogadro’s number (6.022 × 1023 mol−1).  
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Chapter 3 
 

Quaternary Semiconductor Cu2ZnSnS4 

Loaded with MoS2 as a Co-catalyst for 

Enhanced Photocatalytic Activity 

 

This chapter explains the utilisation of quaternary Cu2ZnSnS4 and its composite with a co–

catalyst, MoS2 for photocatalytic water reduction and Rhodamine B dye degradation. The 

hydrogen evolution activity of Cu2ZnSnS4–MoS2 is ~20% higher than bare Cu2ZnSnS4 with 

an AQY value of 22.67%. The dye degradation activity of the composite is almost twice that 

of the bare counterpart. The faster photo degradation of Rhodamine B by Cu2ZnSnS4–MoS2 

in comparison to Cu2ZnSnS4 is substantiated by kinetic studies. Various scavenger tests are 

performed to determine the role of the intermediates in the photo degradation of Rhodamine 

B. 

 

 RSC Adv., 2015, 5, 40475. 
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3.1 INTRODUCTION 

 Over the last few decades several sulfide-based polynary alloy semiconductors have 

been explored and they proved as ideal photo-absorbers because of their tunable electronic 

and optical properties.1-3 Compared to binary materials, polynary alloy semiconductor nano–

materials are able to produce new properties as they could inherent the properties from their 

parent binary materials.4 For example, several Cu–chalcopyrite p–type semiconductors 

namely Cu(In,Ga)Se2,
5 CuGa3S5,

6 CuGa3Se5,
7, 8 CuInS2,

9, 10 Cu(In,Ga)S2,
11 (CuIn)xZn2(1-x)S2

10 

CuGaSe2,
12 owing to their high absorption coefficients, tunable band gap values (1.0 – 2.4 

eV) and suitable band alignment for water reduction, are used for H2 production from water. 

However, the scarcity and higher cost of In, Ga has led to the search of alternative photo-

catalytic systems from earth abundant elements such as Copper, Zinc etc.13 Cu2ZnSnS4 

(CZTS), a non-toxic compound with abundantly available constituent elements (Cu: 50 ppm, 

Zn: 75 ppm, Sn: 2.2 ppm, S: 260 ppm)14 has recently attracted much interest. CZTS has a 

near-optimum direct band gap energy of 1.4 – 11.6eV and a large absorption coefficient (>104 

cm-1). Being environment friendly and of natural abundance, CZTS is finding its place in 

replacing highly efficient materials like Cu(InGa)Se2. Although, more emphasis is on 

fabricating photovoltaic solar cell devices of CZTS,15-18 yet its photocatalytic activity for 

waste water treatment,19 photoelectrochemical devices20 and water oxidation for H2 

generation are also being explored.21 The photocatalytic efficiency of semiconductor 

materials is further enhanced by coupling them with either noble metals e.g. Au, Pt,19 which 

act as co–catalyst, or making composite with material having large specific surface area and 

good electrical conductivity, namely graphene oxide.22 MoS2 being a layered material with a 

large surface area,23 is of interest as an alternative co–catalyst to the high cost noble metals. 

MoS2 has shown high efficiencies when coupled with materials like TiO2, CdS etc.24-27 which 

are studied for their photocatalytic and solar water oxidation activity. Owing to their 

outstanding properties, we have studied CZTS and MoS2 as possible candidates to replace 

noble and other expensive elements for their photocatalytic activity using CZTS as a 

photocatalyst with MoS2 as a co–catalyst. The water oxidation efficiency of CZTS–MoS2 was 

observed to be nearly 20% higher than CZTS owing to a lesser recombination rate of 

photogenerated electrons and holes as evident from the photoluminescence quenching in the 

CZTS–MoS2 composite. The photocatalytic degradation of a representative dye viz. 

Rhodamine B (RhB) was studied for the photocatalytic activity of CZTS–MoS2 composite; 
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which shows a higher activity compared to bare CZTS. Various scavenger tests established 

that hydroxyl radical (OH•) plays a major role as the reactive intermediate species 

participating in dye degradation. 

3.2 EXPERIMENTAL SECTION 

3.2.1 Preparation of CZTS 

 The synthesis of CZTS was adopted from a previously reported method.14 In a typical 

procedure, copper(II) acetate monohydrate (Cu(CO2CH3)2.H2O) (0.04 M, 0.119 g), zinc(II) 

nitrate hexahydrate (Zn(NO3)2.6H2O) (0.02 M, 0.089 g), and tin(II) chloride dehydrate 

(SnCl2.2H2O) (0.02 M, 0.067 g) were dissolved in 15 mL of a solvent mixture of 

ethylenediamine (EN) (C2H4(NH2)2) and deionised water (volume ratio 1 : 9), wherein EN 

acts as a chelating agent and stabilizer. 15 mL of thiourea (SC(NH2)2) (0.16 M, 0.182 g) was 

added drop–wise to the above solution. Precursors solution was then transferred into a 50 mL 

Teflon–lined stainless steel autoclave, sealed and heated at 180 ºC for 24 h. Liu et al. have 

proposed that this process involves, the reduction of Cu2+ ions to Cu+ and oxidation of Sn2+ 

ions to Sn4+ through the oxidation-reduction reactions.20 After cooling, the powders were 

centrifuged, washed several times with deionised water and absolute ethanol and dried at 60 

ºC overnight. 

3.2.2 Preparation of MoS2 

 MoS2 catalysts were synthesized by a hydrothermal method28 involving ammonium 

heptamolybdate ((NH4)6Mo7O24.4H2O) (0.007 M, 0.276 g) and thiourea (CH4N2S) (0.15M, 

0.36 g), dissolved in 30 mL distilled water. A surfactant cetyltrimethylammonium bromide 

(CTAB) (C19H42BrN), (0.003M, 0.036 g), was added into the above solution. Resultant 

mixture was added to a 50 mL Teflon-lined stainless steel autoclave and kept at 180 ºC for 

24 h. After cooling, catalyst was separated, washed with distilled water and absolute ethanol 

several times to remove the residual water and water–soluble impurities. Finally, the resulting 

product was dried at 50 °C for 8 h. 
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3.2.3 Preparation of CZTS–MoS2 

 For the preparation of CZTS–MoS2 composite, 1wt.% of MoS2 was added into the 

above precursor solution of CZTS and transferred to a Teflon-lined stainless steel autoclave, 

sealed and heated at 180 ºC for 24 h. Resulting powder, after cooling, was washed with water 

and ethanol several times and dried at 60 °C overnight. 

3.3 RESULTS AND DISCUSSION 

3.3.1 Powder X-ray Diffraction (PXRD) Patterns 

 The PXRD patterns of as–prepared CZTS, MoS2 and the composite CZTS–MoS2 are 

shown in Figure 3.1. As-prepared CZTS is found to be crystallizing in tetragonal kesterite 

phase (JCPDS card No. 26-0575) as identified by diffraction peaks at 2  = 28.5° (112), 

33.3°(200), 47.4° (220), 56.1° (312), 69.2° (008), and 76.5° (332).29 No impurity peaks 

corresponding to ZnS or Cu2SnS3 phases is observed which confirms the purity of the phase. 

 MoS2 is weakly crystalline, as seen from the broadening of diffraction peaks. The 

PXRD pattern matches well with the hexagonal structure (JCPDS card No. 37-1592) with 

diffraction peaks observed at 2  = 16.7°, 33.4°, 43.5°, and 57.4° corresponding to (002), 

(100), (103) and (110) hkl planes, respectively. 

 

Figure 3.1: Powder X-ray diffraction pattern for as-synthesized CZTS, MoS2 and CZTS–

MoS2. 
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 The composite CZTS–MoS2 shows the PXRD pattern of CZTS only, while no distinct 

peak corresponding to MoS2 is observed. The absence of MoS2 peaks could be attributed to 

the weak crystalline nature of MoS2 compared to CZTS as well as the low content of MoS2 

loading in the CZTS–MoS2 composite. 

3.3.2 Field-Emission Scanning Electron Microscopy 

 

Figure 3.2: Field-emission scanning electron microscopy (FESEM) images of (A, B) CZTS 

and (C, D) CZTS–MoS2. 

 The morphological features of CZTS and its composite with MoS2 are studied by 

FESEM. Figure 3.2 (A, B) corresponds to CZTS which shows nearly spherical particles of 

uniform size distribution. The average particle size is observed to be in the range of ~ 200 

nm, The FESEM images of CZTS–MoS2 as shown in Figure 3.2 (C, D) are bigger than CZTS 

with more aggregation and irregular morphology. This might be probably due to aggregation 

of CZTS with MoS2. In order to ascertain the distribution of MoS2 in CZTS–MoS2, the 

elemental mapping of the composite was recorded by energy dispersive X-ray analysis as 

shown in Figure 3.3 (A). The elemental mapping proves the homogeneous distribution of all 
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the constituent elements (Figure 3.3 (B–F)) in the composite CZTS–MoS2, in the scan area 

Figure 3.3 (A). 

Figure 3.3: (A) Energy-dispersive X-ray (EDX) mapping of CZTS–MoS2. Homogeneous 

elemental distribution of (B) S, (C) Mo, (D) Sn, (E) Cu and (F) Zn in the area (A) 

3.3.3 Transmission Electron Microscopy   

 

Figure 3.4: (A) Transmission electron microscopy (TEM) image of CZTS–MoS2, inset to 

(A) shows the selected area electron diffraction (SAED) pattern, (B) high resolution 

transmission electron microscopy (HRTEM) image of CZTS–MoS2 (C) HRTEM showing 

lattice patterns of CZTS and MoS2. Inset of (C) shows the fast Fourier transform of the 

HRTEM image. 
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 For the microstructural analysis of CZTS–MoS2, transmission electron microscopy 

(TEM) and high resolution transmission electron microscopy (HRTEM) were performed. 

From Figure 3.4 (A), irregular morphology of the composite is observed in accordance with 

the FESEM image. Figure 3.4 (B) shows the HRTEM image. In Figure 3.4 (C), an inter–

planar spacing of 0.68 nm is observed which corresponds to MoS2 (100) and an inter–planar 

distance of 0.32 nm corresponding to CZTS (112) are observed. This observation 

substantiates successful interaction of MoS2 and CZTS in the composite. 

3.3.4 Ultraviolet-Visible Diffuse Reflectance Spectra and Band Gap Calculation 

 

Figure 3.5: UV-visible diffuse reflectance spectra of CZTS, MoS2 and CZTS–MoS2. The 

inset shows the Tauc’s plot to evaluate the optical band gap values for the three compounds. 

UV-visible diffuse reflectance spectra of as-prepared CZTS, MoS2 and their 

composite are shown in Figure 3.5. The absorbance profile of all the samples range in a wide 

range of spectrum covering the whole visible region. There is not much variation in the 

absorbance profile of the samples. Inset to Figure 3.5 shows Tauc plot to calculate the optical 

band gap of the material. The Tauc plot is plotted between (αhν)2 (on Y–axis) and photon 

energy (hν) (on X–axis) which is related by the equation, 

(αhν)
1
n = C ∗ (hν − Eg) 
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Where α is the absorption coefficient of the semiconductor at a certain value of 

wavelength λ , h is the Plank’s constant, C is the proportionality constant, ν is the frequency 

of light, Eg is the band gap energy and n = ½ for direct transition mode materials, respectively. 

The absorption coefficient is estimated from the equation, 

α =  
1

t
∗  ln (

It

I0
) =  

1

t
∗ A ∗  log e 

Where A, t, It and I0 represent the absorbance, thickness of the photocatalyst, intensity 

of transmitted light and intensity of incident light, respectively. The band gap energies are 

estimated by linear extrapolation to X–axis and the band gap values for CZTS, MoS2 and 

CZTS–MoS2 are determined to be 1.20, 1.51, and 1.28 eV, respectively. 

3.3.5 Raman Spectral Analysis 

 

Figure 3.6: Raman spectra of CZTS, MoS2 and CZTS–MoS2. 

 Raman spectral analysis were carried out in order to characterise the structural 

bonding of the compounds and are shown in Figure 3.6. CZTS has a characteristic peak at 

337 cm−1, corresponding to single-phase CZTS.30 This strong Raman peak is attributed to A1g 

symmetry which is due to the vibration of the sulfur atom. Small peaks at ~ 288 cm−1 also 

correspond to CZTS.31 It is a strong evidence of the presence of single-phase CZTS with the 
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kesterite structure.32 In the Raman spectra of MoS2, characteristic peaks at 380 and 407 cm−1 

are observed which are assigned to the E1
2g and A1g modes of MoS2, respectively. The E1

2g 

mode is correlated with an in-plane motion of Mo and S atoms, while the A1g mode is caused 

by an out-of-plane vibration of Mo and S.33 In the Raman spectra of the composite CZTS–

MoS2, peaks of both CZTS and MoS2 are observed with a slight shift towards higher 

wavenumber which implies interaction among the components in the composite. 

3.3.6 BET Surface Area Analysis 

 

Figure 3.7: BET surface area analysis of CZTS and CZTS–MoS2. Inset depicts Barrett–

Joyner–Halenda pore size distribution curves for both the samples. 

 Figure 3.7 shows N2 adsorption-desorption isotherm and corresponding pore size 

distribution curve (inset) for CZTS and CZTS–MoS2. According to the Brunauer-Deming-

Deming-Teller (BDDT) classification, the majority of physisorption isotherms can be 

grouped into six types. The shapes of hysteresis loops are often used to identify the specific 

pore structure.20 Both the samples display a typical type-IV isotherms and type H3 hysteresis 

loops. Type IV isotherms are generally shown by mesoporous adsorbents.34 The observed 

BET surface area of CZTS and CZTS–MoS2 are 20.10, and 17.17 m2/g, respectively. The 

Barrett–Joyner–Halenda (BJH) pore size distribution curve (inset) indicates a high degree of 

uniformity of pores in the range of ~ 3 nm for CZTS and ~ 7 nm for CZTS–MoS2. Although 

the surface area for both samples are comparable, yet larger pore diameter in CZTS–MoS2 
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suggests more effective active sites in the composite leading to enhanced photocatalytic 

efficiency. 

3.3.7 Steady-State Photoluminescence Spectra 

In order to access the charge transfer behavior, steady-state photoluminescence was 

carried out for CZTS and CZTS–MoS2. On excitation at 580 nm, both the compounds emit at 

~ 760 nm (Figure 3.8). From Figure 3.8, it is observed that the emission intensity of the 

composite, CZTS–MoS2 is quenched (by ~ 11%), suggesting a decrease in recombination rate 

of photogenerated charge carriers in the composite. This observation might explain the 

increased charge separation in the composite owing to the favorable band alignments of CZTS 

and MoS2. 

 

Figure 3.8: Steady-state photoluminescence spectra of CZTS and CZTS–MoS2.  

3.3.8 Photocatalytic Hydrogen Production 

 Photocatalytic water oxidation experiment was carried out using CZTS and CZTS–

MoS2 as the photocatalyst and the amount of H2 liberated were estimated. The H2 evolution 

rates under visible irradiation are shown in Figure 3.9. The CZTS–MoS2 composite showed 

a higher photocatalytic activity with the H2 production rate of 264 µmol/0.2g/h in comparison 

to bare CZTS (214 µmol/0.2g/h). The calculated AQY of CZTS–MoS2 is 22.67% which is 

about 1.23 times higher than that of CZTS i.e. 18.42%. 
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Figure 3.9: Amount of H2 generated from CZTS and CZTS–MoS2 catalyst under light 

irradiation and their respective AQY (%) values. 

The higher photocatalytic activity in the composite is attributed to more active sites 

in CZTS–MoS2 as well as higher charge separation. A schematic of the band diagram showing 

energy alignments of CZTS–MoS2 which facilitates an efficient transfer of electrons is shown 

in Figure 3.10. Upon light irradiation on CZTS–MoS2, electron-hole pair is generated in the 

conduction band and valence band of CZTS, respectively. The sacrificial electron donor 

(Na2S/Na2SO3) rapidly consumes the oxidative holes in the valence band of CZTS, leaving 

the reductive electrons efficiently separated in the conduction band. At the same time, the 

reductive electrons are transferred from the conduction band of CZTS to the conduction band 

of MoS2 because of the close proximity alignment of the conduction bands of the two, thereby 

leading to the reduction in the rate of electron–hole pair recombination and hence enhanced 

charge separation. The pool of reductive electrons thus generated in the conduction band of 

MoS2 promotes the reduction of H+ ions, thereby producing H2 gas. Thus, improved photo-

catalytic activity of CZTS–MoS2 is attributed to the efficient separation and lesser 

recombination of photo-generated electron–hole pairs in the composite. 
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Figure 3.10: Band alignment and probable charge transfer pathways in CZTS–MoS2. 

3.3.9 Reusability of CZTS–MoS2 

 In order to examine the reusability of the CZTS–MoS2 catalyst, we have carried out 

three cycles of the photocatalytic experiment of H2 production, with the catalyst. The catalyst 

retained optimal activity till three cycles, which shows the efficient reusability of the catalyst. 

The result of the repeated cycles is shown in Figure 3.11. In a typical experiment 0.2 g of 

sample was dispersed in 25 mL of water containing Na2SO3 (0.25 M) and Na2S (0.35 M) as 

sacrificial reagents. Solution containing the photocatalyst was degassed for 30 min and then 

irradiated with UV–Vis light while stirring, to ensure uniform exposure of the suspension 

throughout the process. The produced gas was analysed by gas chromatography (Nucon 

5765), using a thermal conductivity detector (TCD), after passing through moisture and 

oxygen traps. After irradiation of one hour, the solution was removed and the same 

experiment was repeated with fresh solution without any processing of the catalyst and the 

amount of gas evolved per 10 min was measured. Similarly, the experiment was repeated for 

a third cycle. 
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Figure 3.11: Amount of H2 generated by CZTS–MoS2 catalyst after repeated cycles. 

3.3.10 Photocatalytic Dye Degradation Analysis 

 The catalysts also proved to be efficient in degradation of an industrial pollutant–dye. 

The photocatalytic dye degradation ability of the compounds were studied by taking 

Rhodamine B (RhB) (10-5 M) as a reference dye. The photodegradation of RhB dye was 

followed by measuring its concentration at absorbance value of 552 nm. The absorbance 

spectra of RhB dye was collected at a regular interval (10 min up to 1 h) during the 

degradation experiments, as shown in Figure 3.12 (A) and Figure 3.12 (B) using CZTS and 

CZTS–MoS2, respectively. The concentration (C/C0) versus time is plotted as shown in 

Figure 3.12 (C). From Figure 3.12 (C), it is clearly observed that RhB dye is degraded much 

faster by CZTS–MoS2 than bare CZTS. ~ 97% degradation of RhB dye was achieved in case 

of CZTS–MoS2 in about 40 min whereas it was only ~ 70% for bare CZTS. Figure 3.12 (D) 

shows the first order linear transform, ln(C/C0) = -kappt corresponding to the photo-

degradation of RhB dye by CZTS and CZTS–MoS2. Here, kapp is the apparent first order 

reaction rate constant which represents the rate of the reaction. From the first order linear fit 

in Figure 3.12 (D), it is observed that CZTS–MoS2 composite shows higher activity with an 

apparent rate constant almost twice (0.066 min-1) than that of CZTS (0.032 min-1). 
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Figure 3.12: (A) UV-visible absorption spectra of RhB dye degradation with CZTS catalyst 

in 1 h at an interval of 10 min, (B) UV-visible absorption spectra of RhB dye degradation 

with CZTS–MoS2 catalyst in 1 h at an interval of 10 min, (C) C/C0 versus time (min) plot of 

photodegradation of RhB dye by CZTS and CZTS–MoS2 and (D) apparent rate constant of 

RhB dye degardation in the presence of CZTS and CZTS–MoS2. 

3.3.11 Photocatalytic Dye Degradation Mechanism 

 The photocatalytic degradation of a dye generally takes place by the following 

mechanism.35 When a catalyst is exposed to UV–visible light irradiation, electrons are 

promoted from the valence band to the conduction band producing an electron–hole pair. The 

e− and h+ can migrate to the catalyst surface, where they can undergo a redox reaction with 

other species present on the surface. This prevents the recombination of the e−and h+  

generated in the first step. hVB
+  can react easily with surface bound H2O to produce OH• 

radicals, whereas, eCB
−  can react with O2 to produce superoxide radical anion of oxygen, 

O2
•−. OH•radicals can combine to form H2O2. The H2O2 can further react with O2

•− to 

produce OH•, which is responsible for the degradation of the organic dye.35 
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Photocatalyst + hν ⟶ hVB
+ + eCB

−    (1.6) 

eCB
− + O2 ⟶ O2

•−    (1.7) 

hVB
+ + H2O ⟶ OH• + H+   (1.8) 

OH• +  OH•  ⟶ H2O2   (1.9) 

H2O2 +  O2
•−  ⟶  OH• + OH− + O2  (1.10) 

Dye +  OH•  ⟶  CO2 + H2O   (1.11) 

  

 

Figure 3.13: (A) Apparent rate constant of RhB dye degardation in the presence of CZTS–

MoS2 and Fe2+ (OH• scavenger), (B) Apparent rate constant of RhB dye degardation in the 

presence of CZTS–MoS2 and N2 (O2
•−scavenger), (C) Apparent rate constant of RhB dye 

degardation in the presence of CZTS–MoS2 and EDTA (hole scavenger) and (D) C/C0 versus 

time (min) plot in the presence of different reactive species scavengers. 
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 It is seen that hydroxyl radical (OH•) and superoxide anion radical (O2
•−) are mainly 

responsible for the degradation of the dye. Therefore in order to study the mechanism of dye 

degradation, various scavenger tests were performed wherein radical or hole trapping agents 

were added into the dye catalyst system and the rate of degradation was observed (Figure 

3.13). FeSO4, N2 and ethylenediaminetetraacetic acid (EDTA) were used as OH•, O2
•− and 

hole scavenger, respectively.35-37 

Fe2+ salt was used as a OH• trapping agent. Fe2+  undergoes the following reaction 

with OH• present in the solution. 

 OH• +  Fe2+  ⟶ OH− +  Fe3+ 

 This reaction has a very high rate constant (k = 3.5x108 M-1s-1). In the presence of 

Fe2+, OH• is converted to OH− , decreasing the OH• concentration in the solution, leading to 

a decreased rate of dye degradation. SO4
2− ions also causes a decrease in percentage 

degradation as they react with OH• as, 

SO4
2− + OH•  ⟶ SO4

•− + OH−  

 Specificity of choosing FeSO4 over other iron salts is that both cation and anion 

(Fe2+and SO4
2−) can act as the OH• scavengers. The apparent rate constant (kapp) for RhB dye 

degradation in presence of FeSO4 was less (0.004 min-1) than that without the metal ion (0.066 

min-1) as can be seen in Figure 3.13 (A).  

 Another important intermediate that plays an important role in the degradation process 

is superoxide radical anion (O2
•−) which is formed by the reduction of dissolved molecular 

oxygen in water. In order to prove its role, degradation experiment was carried out under 

continuous N2 purging which is used to replace the dissolved oxygen from the system. The 

apparent rate constant (kapp) for degradation in deoxygenated water was less (0.025 min-1) 

than that in normal oxygenated water (0.066 min-1) as can be seen in Figure 3.13 (B), proving 

the importance of dissolved oxygen in generating superoxide radical, which enhances the 

kinetics of degradation.  

Further a degradation experiment was performed in the presence of EDTA which acts 

as a hole scavenger. The plot for apparent rate constant (kapp) for degradation showed a lower 
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rate constant (0.012 min-1)in presence of EDTA as compared to the rate constant in the 

absence of EDTA (0.066 min-1) (Figure 3.13 (D)). 

Although, each scavenger has its role to play in controlling the kinetics of dye 

degradation, it was observed that OH• plays more prominent role, evident from the slower 

kinetic data in the presence of OH• scavenger (FeSO4). Hence, we propose that hydroxyl 

radical (OH•) could be the determining species in controlling the kinetics of the dye 

degradation. 

3.4 CONCLUSION 

 In conclusion, quaternary CZTS and its composite with a co–catalyst viz. MoS2 were 

prepared by a facile hydrothermal method. The enhanced photocatalytic ability of the 

composite was evaluated by its appreciable water reduction ability to evolve H2 with AQY of 

22.67%, and better efficiency in degradation of RhB dye as a reference pollutant, compared 

to bare CZTS. The faster photo degradation of RhB dye by CZTS–MoS2 in comparison to 

CZTS is substantiated by kinetic studies. The various scavenger tests showed the major role 

of hydroxyl radical in the photo degradation of RhB dye. 
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Chapter 4 
 

Hybrid of g-C3N4 and MoS2 Integrated onto 
Cd0.5Zn0.5S: Rational Design with Efficient 

Charge Transfer for Enhanced 

Photocatalytic Activity 
This chapter describes the design and synthesis of a noble-metal-free ternary hierarchical 

composite, Cd0.5Zn0.5S-g-C3N4-MoS2. The heterostructure was studied for photocatalytic 

activity of water reduction and degradation of organic pollutant, Rhodamine B. The ternary 

composite resulted in ∼197% (Cd0.5Zn0.5S–g-C3N4–MoS2) increment in hydrogen evaluation 

activity compared to bare Cd0.5Zn0.5S with an apparent quantum yield (AQY) of 38% at 420 

nm. The significant increment of activity is attributed to the favourable charge transfer in the 

composite. A detailed analysis of the mechanism of interfacial charge transfer in the composite 

is carried out by several instrumental techniques. 
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4.1 INTRODUCTION 

 Among the several sulfide materials discovered for photocatalytic water reduction, 

CdS is quite promising, because of its strongly visible–light–absorbing direct bandgap (Eg ≈ 

2.3 eV) and a conduction band capable of reducing protons to H2.
1-5 Yet, it is limited due to 

rapid recombination of photogenerated charge carriers and photocorrosion.6 ZnS, another 

widely used sulfide photocatalyst, is more stable than CdS but suffers from poor visible light 

absorption (Eg ≈ 3.6 eV).7 Consequently, there has been an attempt to combine both CdS and 

ZnS in order to design a stable and effective photocatalyst for H2 evolution with visible light 

absorption. In this regard, a solid solution of ternary chalcogenide combining CdS and ZnS 

to form CdxZn1-xS is quite promising due to its tunable optical properties by varying the x 

value.8 Cd0.5Zn0.5S has been shown to be an efficient photocatalyst for H2 evolution and has 

a suitable bandgap for visible light absorption (Eg ≈ 2.4 eV) and conduction band edge for H2 

evolution.9-11 However, bare Cd0.5Zn0.5S still suffers from faster recombination of 

photogenerated electron–hole pairs and thus require an efficient extraction of the 

photogenerated electrons before recombination.8 

 Another very promising visible–light active photocatalyst is graphitic carbon nitride 

(g-C3N4), a metal free, two–dimensional conjugated layered polymer. It shows decent activity 

as a photocatalyst material due to its excellent stability, nontoxic nature, visible–light 

absorption ability (Eg ≈ 2.7 eV), suitable band–edge positions for water splitting, and facile 

synthesis from amply available precursors like urea and melamine.12-15 However, bare g-C3N4 

too suffers from rapid recombination of photoinduced electron–hole pair and limited surface 

area.16-18 Efforts to decrease the rates of recombination have included the development of 

heterogeneous systems by combining g-C3N4 with other visible–light active photocatalysts. 

These heterostructures are designed to facilitate charge separation and decrease the rate of 

charge recombination.19-21 In a heterostructure with different components absorbing in 

different regions of the solar spectrum, can result in an enhanced light harvesting. Thus light 

harvesting ability can be promoted along with the efficient charge separation in a suitable 

hierarchical heterostructure in which the semiconductor has an appropriate band gap and band 

alignment.22-24 A heterostructure of Cd0.5Zn0.5S and g-C3N4, both absorbing in the visible 

region, have suitable band alignment for efficient charge separation. Several works have 

reported the synthesis and characterisation of binary composite, g-C3N4/CdxZn1-xS, where 
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CdxZn1-xS is the electron acceptor to facilitate charge separation and slow charge 

recombination.25-27
 

 The efficiency of a photocatalyst can be further enhanced by integration of a co–

catalyst to facilitate charge extraction and provide active sites for the photocatalytic 

reaction.28-32 The photocatalytic efficiency of CdxZn1-xS has been shown to increase with 

loading of co–catalysts like Pt,33 Au,34 bimetallic AuPd,35 Pt-RuS2,
36 and CoPt3

37. 

Molybdenum disulfide (MoS2) is a two–dimensional layered material widely used as a H2 

evolution co–catalyst.38, 39 It has been reported for enhanced photocatalytic activity on 

integration with CdxZn1-xS.40-42 

 In this work, Cd0.5Zn0.5S–g-C3N4 was integrated with MoS2 to form a ternary 

composite that exhibits better photocatalytic activity compared to the binary composite 

Cd0.5Zn0.5S–g-C3N4 as well as bare counterpart, Cd0.5Zn0.5S. We report the synthesis, 

characterisation, photocatalytic H2 evolution efficiency and dye degradation ability of bare 

Cd0.5Zn0.5S, its binary composite with g-C3N4 (Cd0.5Zn0.5S–g-C3N4), and a ternary composite 

with MoS2 (Cd0.5Zn0.5S–g-C3N4–MoS2). The composites were prepared by ultrasonic mixing 

of specific weight percentage of each component with bare Cd0.5Zn0.5S. As prepared, 

Cd0.5Zn0.5S–g-C3N4–MoS2 shows an enhanced photocatalytic H2 activity compared to 

Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S. The enhanced efficiency is attributed to the superior 

interfacial contact between the components and synergistic transportation and separation of 

the photogenerated charge carriers, thereby slowing recombination, as well as increased rate 

of catalysis due to the presence of MoS2 co–catalyst. 

4.2 EXPERIMENTAL SECTION 

4.2.1 Preparation of Cd0.5Zn0.5S 

 Cd0.5Zn0.5S was prepared by a solvothermal method.43 In a typical synthesis protocol, 

zinc acetate (Zn(Ac)2.H2O) (2.19 g, 10 mmol), cadmium acetate (Cd(Ac)2.2H2O) (2.665 g, 

10 mmol) and thioacetamide (C2H5NS) (3.0052 g, 40 mmol) were added to ethylenediamine 

(C2H4(NH2)2) (60 mL) and were left to stir for 1 h. This solution was then heated in a 100 mL 

Teflon-lined stainless steel autoclave to 180 °C, held at 180 °C for 24 h, and then cooled down 

naturally to room temperature. The precipitate that formed was washed several times with 
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deionised water and ethanol in order to remove residual ions, followed by drying at 60 °C 

overnight. Control synthesis of pure ZnS and CdS were synthesised using only Zn2+ and Cd2+ 

precursors in an aqueous medium.  

4.2.2 Preparation of MoS2 

 Hexamine (C6H12N4) (0.140 g, 1 mmol) was dissolved in deionised water (30 mL) 

followed by the addition of ammonium heptamolybdate ((NH4)6Mo7O24.4H2O) (0.123 g, 0.1 

mmol) under stirring. After complete dissolution, L-cysteine (C3H7NO2S) (0.169 g, 1.4 

mmol) was added and stirred for 30 min. The solution was then heated at 200 °C for 12 h in 

a 50 mL Teflon–lined stainless steel autoclave and then cooled naturally to room temperature. 

The precipitate was separated and washed several times with deionized water and ethanol, 

followed by drying at 60 °C overnight. 

4.2.3 Preparation of g-C3N4 

 g-C3N4 was prepared by self–condensation of melamine at high temperature. 

Melamine (5 g) was heated at a rate of 10 °C/min to 520 °C in a muffle furnace, held for 6 h 

at 520 °C, and then cooled down naturally to room temperature. The obtained yellow powder 

was grounded and used for further characterisations. 

4.2.4 Preparation of Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S–g-C3N4–MoS2 

Composites 

 Cd0.5Zn0.5S–x%g-C3N4 (x = 10, 20, 30, 40, 50) and Cd0.5Zn0.5S–g-C3N4–x%MoS2 (x 

= 1, 3, 5, 7) composites were prepared by ultrasonication of the components in specific weight 

percentage for 1 h in ethanol (5 mL) to form a dispersion followed by drying at 60 °C 

overnight. Use of ultrasonication is expected to facilitate formation of intimate contacts 

between the individual components. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Powder X–ray Diffraction (PXRD) Patterns 

 The powder X–ray diffraction (PXRD) patterns of g-C3N4, MoS2, CdS, ZnS, 

Cd0.5Zn0.5S, Cd0.5Zn0.5S–30%g-C3N4 and Cd0.5Zn0.5S–30%g-C3N4–5%MoS2 (represented as 

Cd0.5Zn0.5–g-C3N4 and Cd0.5Zn0.5S–g-C3N4–MoS2 hereafter) are shown in Figure 4.1. PXRD  
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Figure 4.1: Powder X–ray diffraction pattern of Cd0.5Zn0.5S–g-C3N4–MoS2, Cd0.5Zn0.5S–g-

C3N4, Cd0.5Zn0.5S, bare CdS, ZnS, MoS2 and g-C3N4. 

pattern of g-C3N4 exhibited a characteristic major peak at 27.3° corresponding to the (002) 

crystal plane due to the stacking of conjugated aromatic system, while the low intensity peak 

at 13.2° corresponds to the (001) plane, indicative of a periodic arrangement of condensed 

tri–s–triazine units in the g-C3N4 sheets.12 In the PXRD pattern of MoS2, diffraction peaks 

appearing at 2θ = 16.7°, 33.4°, 43.5° and 57.4° correspond to (002), (100), (103), and (110) 

lattice planes of a hexagonal phase (JCPDS file No. 37-1592). The as–prepared MoS2 is 

weakly crystalline, as proved by the broad (002) diffraction peak which indicates poor 

stacking and highly disordered packing of MoS2 layers.44 Bare ZnS shows diffraction at 2θ = 

28.5°, 33.08°, 47.5°, 56.2°, 69.5°, 76.8° corresponding to (111), (200), (220), (311), (400), 

(420) planes of cubic phase ZnS (JCPDS file No. 05-0566). PXRD of CdS shows diffraction 

peaks at 2θ = 24.8°, 26.5°, 28.1°, 36.6°, 43.6°, 47.8°, 50.8°, 51.8°, 52.7°, 66.7°, 70.8°, 72.3°, 

75.4° which are indexable to (100), (002), (101), (102), (110), (103), (200), (112), (201), 

(203), (211), (114), (105) planes of hexagonal phase CdS (JCPDS file No. 41-1049). The 

PXRD pattern of Cd0.5Zn0.5S synthesised by a solvothermal method shows a shift in position 

of diffraction peaks compared to bare CdS. It can be inferred that the as-prepared sample is 

not just a physical mixture of CdS and ZnS but a solid solution of CdxZn1-xS.45 In the alloyed 

CdxZn1-xS, Zn2+ (ionic radius (0.74 Å)) gets incorporated into the CdS lattice or may sit at 

interstitial sites leading to disorder in the crystal structure.43 Moreover, the PXRD pattern of 
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Cd0.5Zn0.5S and its composites exhibit lower crystallinity than bare CdS or ZnS which can be 

attributed to the disorder generated in the crystal structure as a result of incorporation of Zn2+ 

into the CdS lattice.46, 47 In the composites Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S–g-C3N4–

MoS2 there is no apparent peaks of g-C3N4 and MoS2, due to the low percentage of loading 

of the components. The single–layer structure of MoS2 might also be attributed for the 

absence of MoS2 diffraction peak in Cd0.5Zn0.5S–g-C3N4–MoS2.
40 Moreover, the significant 

peaks of g-C3N4 and MoS2 overlap with that of Cd0.5Zn0.5S which supresses its occurrence in 

the PXRD measurements of these composites. 

4.3.2 X-Ray Photoelectron Spectroscopy (XPS) Spectra 

 X-ray photoelectron spectroscopy (XPS) analyses were carried out in order to probe 

the local electronic environment of the prepared samples. All the peaks were calibrated with 

respect to C 1s at 284.7 eV. From the high-resolution core-level spectra of Cd 3d, Zn 2p and 

S 2p of Cd0.5Zn0.5S (Figure 4.2 (A), Figure 4.2 (B) and Figure 4.2 (C), respectively), the 

peaks corresponding to Cd2+ 3d3/2, Cd2+ 3d5/2, Zn2+ 2p3/2, Zn2+ 2p1/2, S
2- 2p3/2 and S2- 2p1/2 are 

observed at binding energies of 404.6, 411.32, 1020.98, 1044, 161.23 and 162.4 eV, 

respectively.27, 48 The peaks at 162.1 and 163.6 eV in S 2p of MoS2, correspond to the S 2p3/2 

and S 2p1/2 of divalent sulfide (S2-) of MoS2 (Figure 4.2 (D)).49 The asymmetric N 1s spectra 

of g-C3N4 has been fitted using the deconvolution method with three major Gaussian 

component peaks at 398.51, 399.26 and 400.65 eV, respectively (Figure 4.2 (E)). This 

provides strong evidence for the existence of the chemical bonding modes of nitrogen species 

corresponding to sp2–bonded N (C–N=C), tertiary nitrogen N–(C)3 groups, and amino groups 

(C–N–H), respectively in the g-C3N4 sheets.50 In Figure 4.2 (A), Figure 4.2 (B) and Figure 

4.2 (C), it is seen that in the composite Cd0.5Zn0.5S–g-C3N4–MoS2, the Cd 3d, Zn 2p and S 2p 

are slightly shifted to higher binding energies (405.14 and 411.89 eV for Cd2+ 3d3/2 and Cd2+ 

3d5/2; 1021.86 and 1044.93 eV for Zn2+ 2p3/2 and Zn2+ 2p1/2; 161.7 and 162.86 eV for S2- 2p3/2 

and S2- 2p1/2, respectively) compared to that of Cd0.5Zn0.5S. Due to the favourable band  
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Figure 4.2: X-Ray photoelectron spectroscopy (XPS) spectra of (A) Cd 3d, (B) Zn 2p, (C, 

D) S 2p, (E) N 1s and (F) Schematic representation of the different possible charge transfer 

pathways in the composite Cd0.5Zn0.5S–g-C3N4–MoS2. 

alignments at the interfaces, there is a possibility of electronic interactions among g-C3N4, 

Cd0.5Zn0.5S and MoS2 leading to a change in the electron density on all the components in the 

composite. Based on the interfacial positions, electrons will transfer from Cd0.5Zn0.5S (donor) 

to MoS2 (acceptor) leading to a decreased electron density around the S 2p of Cd0.5Zn0.5S and 

enhanced density distribution around S 2p of MoS2 (Pathway II in Figure 4.2 (F)). Moreover, 

there is another possible charge–transfer pathway based on the band alignments where 

404 406 408 410 412 414

 
In

te
n

s
it

y

 

 Raw

 Intensity

 Background

 Cd2+ 3d3/2

 Cd2+ 3d5/2

 

Cd0.5Zn0.5S

Cd0.5Zn0.5S-g-C3N4-MoS2

 Binding Energy (eV)

(F)

(D)

(E)

(C)

(B)(A)

1015 1020 1025 1030 1035 1040 1045

 

 

 Raw

 Intensity

 Background

 Zn
2+

 2p
3/2

 Zn
2+

 2p
1/2

 

Cd0.5Zn0.5S

Cd0.5Zn0.5S-g-C3N4-MoS2

In
te

n
s

it
y

 

Binding Energy (eV)

396 397 398 399 400 401 402

Cd0.5Zn0.5S-g-C3N4-MoS2

 

In
te

n
s

it
y

 
 

g-C3N4

Binding Energy (eV)

 Raw

 Intensity

 Background

 N 1s of C-N=C

 N 1s of N-(C)3

 N 1s of C-N-H

160 161 162 163 164 165

 

MoS2In
te

n
s
it

y
 

Binding Energy (eV)

 

 Raw

 Intensity

 Background

 S 2p3/2

 S 2p1/2

 

Cd0.5Zn0.5S-g-C3N4-MoS2

 

 

160 161 162 163 164 165

 

 

 

 

 

 Raw

 Intensity

 Background

 S 2p3/2

 S 2p1/2

Binding Energy (eV)

Cd0.5Zn0.5S

Cd0.5Zn0.5S-g-C3N4-MoS2

In
te

n
s
it

y
 

 

TH-2099_136122031



Cd0.5Zn0.5S–g-C3N4–MoS2 (ACS Sustainable Chem. Eng., 2018, 6, 6718)           Chapter 4 

Gaurangi Gogoi  71 
 

Cd0.5Zn0.5S can act as an acceptor of an electron from photo-excited g-C3N4 (Pathway I in 

Figure 4.2 (F)). On comparing the S 2p core level spectra of Cd0.5Zn0.5S–g-C3N4–MoS2 with 

that of bare Cd0.5Zn0.5S, it is observed that S 2p of the composite is shifted towards higher 

binding energy (Figure 4.2 (C)) due to the reduction of S 2p electron density in Cd0.5Zn0.5S–

g-C3N4–MoS2 as compared to Cd0.5Zn0.5S.51 This change in the binding energy of S 2p reflects 

that Pathway II is more competitive than Pathway I. Analysis of N 1s peak of g-C3N4 in 

Cd0.5Zn0.5S–g-C3N4–MoS2 also shows a shift toward higher binding energy (398.56, 399.31 

and 400.7 eV, respectively) compared to that of bare g-C3N4 (Figure 4.2 (E)). The shift is 

based on the favourable charge transfer from g-C3N4 to the other components of the 

composite, i.e. Cd0.5Zn0.5S and MoS2 (Pathway I and Pathway III in Figure 4.2 (F), 

respectively), which leads to a reduction of the electron density of N 1s in the composite. The 

Mo 3d spectra of MoS2 can be deconvoluted into four components corresponding to the 

binding energy of S 2s (226.4 eV), 3d5/2 and 3d3/2 of Mo (229.26 and 233.09 eV, respectively) 

and Mo6+ (236.5 eV) (Figure 4.3). The observance of Mo6+ may be due to atmospheric 

oxidation of MoS2 during storage in laboratory conditions.52 

 

Figure 4.3: X-Ray photoelectron spectroscopy (XPS) spectra of Mo 3d of MoS2. 

Comparing the individual MoS2 component to that of the composite, the S 2p of bare 

MoS2 has a higher binding energy than the S 2p of Cd0.5Zn0.5S–g-C3N4–MoS2 (Figure 4.2 

(D)). In the composite, there is an increase in the electron density on the conduction band of 

MoS2 than that of bare MoS2, leading to the shift of S 2p to a lower binding energy in the 
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composite than MoS2 (Figure 4.2 (D)). The shift in binding energy between the composite 

and bare components is likely due to charge transfer from Cd0.5Zn0.5S and g-C3N4 to MoS2 

(Pathway II and Pathway III in Figure 4.2 (F), respectively).  

4.3.3 Ultraviolet-Visible Diffuse Reflectance Spectroscopy 

 Figure 4.4 (A) represents the ultraviolet–visible diffuse reflectance spectra of 

Cd0.5Zn0.5S, g-C3N4, MoS2, ZnS, CdS and the composites Cd0.5Zn0.5S–g-C3N4 and 

Cd0.5Zn0.5S–g-C3N4–MoS2. Bare ZnS absorbs in the ultraviolet spectral region (absorbance 

onset at ~ 350 nm) and CdS has an absorbance onset in the visible region at ~ 590 nm as 

observed from Figure 4.4 (A). As expected, the absorption onset of Cd0.5Zn0.5S occurs in 

between its constituents at ~ 520 nm. Figure 4.4 (B) depicts the Tauc plots of Cd0.5Zn0.5S–g-

C3N4–MoS2, Cd0.5Zn0.5S–g-C3N4, Cd0.5Zn0.5S, ZnS, CdS, g-C3N4 and MoS2 (inset of Figure 

4.4 (B)), which enables determination of the bandgap energy. Tauc plots is a plot of (h)2 

versus the photon energy (h), where α is the absorption coefficient. The bandgap values of 

Cd0.5Zn0.5S–g-C3N4–MoS2, Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S are estimated to be 2.41, 

2.38, and 2.35 eV, respectively, which is intermediate of ZnS (3.6 eV) and CdS (2.25 eV). 

The band gap of g-C3N4 and MoS2 are estimated to be 2.7 and 1.46 eV, respectively. The 

estimated band gaps are tabulated in Table 4.1. 

 

Figure 4.4: (A) Ultraviolet–visible diffuse reflectance spectra of Cd0.5Zn0.5S–g-C3N4–MoS2, 

Cd0.5Zn0.5S–C3N4, Cd0.5Zn0.5S, g-C3N4, MoS2, CdS and ZnS and (B) Tauc plot to estimate 

optical band gap values. 

 Electronic absorption spectra of all compositions Cd0.5Zn0.5S–x%g-C3N4 (x = 10, 20, 

30, 40, 50) and Cd0.5Zn0.5S–g-C3N4–x%MoS2 (x = 1, 3, 5, 7) are shown in Figure 4.5 (A) and 
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Figure 4.5 (B), respectively. From Figure 4.5, it is observed that the absorption onset of all 

the compounds are in the visible range of the spectra. 

 

Figure 4.5: Ultraviolet–visible diffuse reflectance spectra of (A) Cd0.5Zn0.5S–x%g-C3N4 (x = 

10, 20, 30, 40, 50) and (B) Cd0.5Zn0.5S–g-C3N4–x% MoS2 (x = 1, 3, 5, 7). 

Table 4.1: Estimated band gap values 

Compound Band gap (eV) 

CdS 2.25 

ZnS 3.6 

g-C3N4 2.7 

MoS2 1.46 

Cd0.5Zn0.5S 2.35 

Cd0.5Zn0.5S–g-C3N4 2.38 

Cd0.5Zn0.5S–g-C3N4–MoS2 2.41 

 

4.3.4 Field-Emission Scanning Electron Microscopy 

 Figure 4.6 and Figure 4.7 show Field-Emission Scanning Electron Microscopy 

(FESEM) images of the as-prepared materials at different magnifications. Cd0.5Zn0.5S exhibits 

nanorod like morphology with an average length of around 100 nm (Figure 4.6 (A) and 

Figure 4.6 (B)). The ethylenediamine used as solvent in the synthesis of Cd0.5Zn0.5S, is also 

a good bidentate coordinating agent with Cd2+ and Zn2+ to form [Cd(EDA)n]
2+ and 
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Figure 4.6: Field-emission scanning electron microscopy (FESEM) images of (A, B) 

Cd0.5Zn0.5S, (C, D) g-C3N4 and (E, F) MoS2 at different magnifications 

 [Zn(EDA)n]
2+ complexes.53, 54 As the temperature increases, thioacetamide, used as sulfur 

source in Cd0.5Zn0.5S, decomposes gradually to release S2-. Finally, [Cd(EDA)n]
2+ and 

[Zn(EDA)n]
2+ complexes react with S2- and yield a CdxZn1-xS solid solution. Zn2+ strongly 

coordinates with EDA and therefore, with only Zn2+ (x = 0), ZnS-(EDA)0.5 forms instead of 

ZnS.55 The use of ethylene diamine as a solvent promotes the unidirectional growth of CdS 

along c-axis while it promotes the growth of ZnS in the a-b plane.43 It is observed that for x 

= 0.5 in CdxZn1-xS, the morphology is predominantly rod shaped though with a lower aspect 

ratio. FESEM images of g-C3N4 reveal its flake-like and porous in nature (Figure 4.6 (C) and 

Figure 4.6 (D)). MoS2 consists of nanosheets as porous bunched structures that are ~ 500 nm 
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in diameter (Figure 4.6 (E) and Figure 4.6 (F)). MoS2 has a large exposed surface area that 

can provide greater active sites for H2 evolution during the catalytic process. This includes a 

larger fraction of edge sites which are indicated as active sites for H2 evolution.56 

 

Figure 4.7: Field-emission scanning electron microscopy (FESEM) images of (A, B) 

Cd0.5Zn0.5S–g-C3N4 and (C, D) Cd0.5Zn0.5S–g-C3N4–MoS2 at different magnifications. 

 The FESEM images of the composites are shown in Figure 4.7. The FESEM images 

of Cd0.5Zn0.5S–g-C3N4 in Figure 4.7 (A) and Figure 4.7 (B) show close contact among the 

components Cd0.5Zn0.5S and g-C3N4. FESEM images of Cd0.5Zn0.5S–g-C3N4–MoS2 in Figure 

4.7 (C) and Figure 4.7 (D), show the presence of all the individual components as marked in 

the images. It can be seen that all the components are present in a very close proximity, 

blending with each other thus this close contact should assist in better charge migration. 

Energy dispersive X-ray mapping analysis in the composite Cd0.5Zn0.5S–g-C3N4–MoS2, 

indicates that all the elements are distributed homogeneously throughout the material in the 

scan area (Figure 4.8). 
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Figure 4.8: Energy-dispersive X-ray (EDX) mapping of Cd0.5Zn0.5S–g-C3N4–MoS2 (G). (A), 

(B), (C), (D), (E) and (F) shows the homogenous elemental distribution of Cd, S, Zn, N, C 

and Mo, respectively in the area (G). 

4.3.5 Transmission Electron Microscopy  

 Particle size and microstructural analysis of Cd0.5Zn0.5S–g-C3N4–MoS2 was 

performed using Transmission Electron Microscopy (TEM) and High Resolution 

Transmission Electron Microscopy (HRTEM).  
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Figure 4.9: (A) Transmission electron microscopy (TEM) image of Cd0.5Zn0.5S–g-C3N4–

MoS2, (B) transmission electron microscopy (TEM) image of a part of Cd0.5Zn0.5S–g-C3N4–

MoS2 with magnified image of the highlighted portion in the inset of (B), (C) high resolution 

transmission electron microscopy (HRTEM) image showing the lattice fringes of Cd0.5Zn0.5S 

and MoS2 and (D) energy-dispersive X–ray (EDX) spectrum. 

 Consistent with FESEM images, Cd0.5Zn0.5S was observed to be nanorod like shaped 

with a particle size of about 100 nm (Figure 4.9 (A)). g-C3N4 is observed as a two-

dimensional nanosheet structure around the clusters of Cd0.5Zn0.5S nanorods and MoS2 

clusters (Figure 4.9 (A)). A magnified image of a part of Cd0.5Zn0.5S–g-C3N4–MoS2 is shown 

in Figure 4.9 (B). The lattice fringes in the HRTEM image of Cd0.5Zn0.5S–g-C3N4–MoS2 is 

shown in Figure 4.9 (C) with a d-spacing of ~ 0.32 nm which is assignable to the (101) lattice 

plane of hexagonal Cd0.5Zn0.5S.57 Further, the lattice fringes with a d-spacing of ~ 0.62 nm 

corresponds to the (002) plane of hexagonal MoS2.
28 Thus, Figure 4.9 (C) reveals the intimate 
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contact between Cd0.5Zn0.5S and MoS2, which is expected to facilitate improved charge 

separation, thus resulting in enhanced photocatalytic activity. The EDX spectrum (Figure 4.9 

(D)) of the composite proves the existence of Cd, Zn, S, Mo, C and N elements (The Cu peak 

originates from the substrate). 

4.3.6 Steady-State Photoluminescence Study 

 

Figure 4.10: Steady–state photoluminescence (PL) spectra of Cd0.5Zn0.5S, Cd0.5Zn0.5S–g-

C3N4, Cd0.5Zn0.5S–g-C3N4–MoS2 and g-C3N4 at an excitation wavelength of 380 nm.  

 To gain insight into the excited-state electronic interaction among the components in 

the photocatalyst system, steady-state photoluminescence (PL) measurement was carried out. 

From the PL spectra in Figure 4.10, it is observed that, on excitation at 380 nm, g-C3N4, 

Cd0.5Zn0.5S–g-C3N4, Cd0.5Zn0.5S–g-C3N4–MoS2 and Cd0.5Zn0.5S emits at ~ 470 nm, ~ 510 nm, 

~ 504 nm, and ~ 515 nm, respectively. Pure g-C3N4 has a very intense PL emission band 

centred at ~ 470 nm which is credited to the transition from the lone pair on the N atoms in 

g-C3N4 to its π* conduction band.50 On introduction of Cd0.5Zn0.5S, the PL emission intensity 

of Cd0.5Zn0.5S–g-C3N4 decreases at 470 nm, likely due to charge transfer from g-C3N4 to 

Cd0.5Zn0.5S. PL from the composite is also observed at ~ 515 nm, and is consistent with 

emission from Cd0.5Zn0.5S. On addition of MoS2 (Cd0.5Zn0.5S–g-C3N4–MoS2), there is further 

quenching in the PL intensity compared to Cd0.5Zn0.5S–g-C3N4. Electrons from conduction 

band of Cd0.5Zn0.5S and g-C3N4 might exhibit a faster migration to the MoS2 sheets due to the 
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suitable conduction band positions. It leads to a reduction of electron density at both 

Cd0.5Zn0.5S and g-C3N4 sites which minimizes the chances of recombination. A reasonable 

mechanism for photogenerated charge transfer processes that likely takes place in 

Cd0.5Zn0.5S–g-C3N4–MoS2 is schematically shown in the inset of Figure 4.10. 

4.3.7 Time-Resolved Photoluminescence Study 

To further prove the synergistic effects of electron transfer between the materials in 

the composite, time-resolved photoluminescence (TRPL) spectroscopy was performed at an 

excitation wavelength of 375 nm and are shown in Figure 4.11. The TRPL decay patterns 

monitored at 470 nm are fitted with a tri-exponential function, which implies that multiple 

processes are responsible for the emission. 

 The average lifetime, ⟨⟩, was calculated using Equation (4.1).58  

< 𝜏 >=
𝛼1 𝜏1

2 + 𝛼2 𝜏2
2 + 𝛼3 𝜏3

2

𝛼1 𝜏1 +  𝛼2 𝜏2 + 𝛼3 𝜏3
                       (𝟒. 𝟏) 

 Table 4.2 summarizes the detailed spectroscopic results for g-C3N4, Cd0.5Zn0.5S-g-

C3N4, and Cd0.5Zn0.5S-g-C3N4-MoS2. From Table 4.2, it is observed that all the decay curves 

are well fitted with three components as assessed by the near unity value of 2. The shorter 

decay time is associated with radiative recombination of electron hole pairs while the higher 

value of decay time attributes to trap state emission. In all the three compounds, the 

population with short decay time (less than 4 ns) is dominant (~ 85%), which implies rapid 

electron hole pair recombination.59 However, it is observed that the lifetime of all the 

components (1, 2, 3) decrease gradually from g-C3N4 to Cd0.5Zn0.5S–g-C3N4 and 

Cd0.5Zn0.5S–g-C3N4–MoS2. It is well known that a decrease in the lifetime () value indicates 

more efficient separation of electrons and holes.60-62 In order to be an efficient reduction 

catalyst, the lifetime of the photocatalyst is expected to be shorter in order to facilitate 

efficient charge transfer from the photocatalyst to co–catalyst surface.63  
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Figure 4.11: Time-resolved photoluminescence decay curves for Cd0.5Zn0.5S–g-C3N4–MoS2, 

Cd0.5Zn0.5S–g-C3N4 and g-C3N4 (excitation wavelength = 375 nm and emission wavelength 

= 470 nm). 

Table 4.2: Relative Percentage (1, 2, 3) (%), Excited-State Lifetime (1, 2, 3), Average 

Exciton Lifetime ⟨⟩ and Fitting Parameter (χ2), for Cd0.5Zn0.5S–g-C3N4–MoS2, Cd0.5Zn0.5S–

g-C3N4 and g-C3N4 

 1 (%) 2 (%) 3 (%)  1 (ns)  2 (ns)  3(ns) ⟨⟩ (ns) 2 

g-C3N4 44.940 38.722 16.338 1.155 3.936 18.514 12.35 1.219 

Cd0.5Zn0.5S–

g-C3N4 

47.351 37.645 15.003 0.995 3.499 16.215 10.54 1.264 

Cd0.5Zn0.5S– 

g-C3N4–MoS2 

57.355 29.004 13.641 0.929 3.217 14.288 9.17 1.238 

 

 As materials are added to the composite, from the average lifetime value ⟨⟩, 

calculated using Equation (4.1), it is observed that the average lifetime is much shorter in 

Cd0.5Zn0.5S–g-C3N4–MoS2 (9.17 ns) in comparison to Cd0.5Zn0.5S–g-C3N4 (10.54 ns) and g-
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C3N4 (12.35 ns) which indicates an excited state electronic interaction and efficient charge 

separation or charge delocalisation in the composite occurs based on the bandgap energies 

and band alignments as shown in the inset to Figure 4.10. 

4.3.8 Raman Spectral Analysis 

 To get a better insight into the microstructure of crystalline materials, Raman spectra 

of as-synthesized samples upon excited at 488 nm were taken. Figure 4.12 represents the 

Raman spectra of Cd0.5Zn0.5S, Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S–g-C3N4–MoS2. From the 

spectra it is seen that Cd0.5Zn0.5S exhibits a 1–longitudinal optical (LO) phonon mode at 310 

cm-1.65 It is observed that the 1–LO phonon peak shifts to higher wavenumbers in the 

composites Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S–g-C3N4–MoS2. The shift of LO phonon 

Raman mode observed in the composites compared to Cd0.5Zn0.5S may be attributed to the 

lattice strain that appeared at the composite system Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S–g-

C3N4–MoS2 due to the interaction among the components in the composite.65 

 

Figure 4.12: Raman spectral analysis for Cd0.5Zn0.5S, Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S–

g-C3N4–MoS2. 
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4.3.9 BET Surface Area Analysis 

 BET surface area analysis of Cd0.5Zn0.5S–g-C3N4–MoS2 and Cd0.5Zn0.5S are shown in 

Figure 4.13 (A). Cd0.5Zn0.5S–g-C3N4–MoS2 and Cd0.5Zn0.5S show H3 hysteresis loops and 

exhibit type IV isotherms. Although Type–IV isotherms are typical for mesoporous materials, 

however, a distinct increase in adsorbate volume in the low P/P0 region in type IV isotherms 

indicates the presence of micropores associated with mesopores.66 As an inflection is 

observed in the isotherm of Cd0.5Zn0.5S–g-C3N4–MoS2 and Cd0.5Zn0.5S in logarithmic scale 

as shown in Figure Figure 4.13 (B), it might infer the presence of both meso and micropores 

in the materials. Barrett–Joyner–Halenda (BJH) pore size distribution indicate the presence 

of micro to meso pores, with a higher distribution at ~ 0.6 nm and ~ 1.6 nm for Cd0.5Zn0.5S–

g-C3N4–MoS2 and Cd0.5Zn0.5S, respectively (inset to Figure 4.13 (A)). The observed BET 

surface area of Cd0.5Zn0.5S–g-C3N4–MoS2 is ~ 16.7 m²/g which is lower than bare Cd0.5Zn0.5S 

(~ 19.1 m²/g). The decrease of the surface area after incorporation of g-C3N4 and MoS2 is 

consistent with loss of the small pores in Cd0.5Zn0.5S as observed in the pore size distribution 

curve. 

 

Figure 4.13: (A) Nitrogen adsorption–desorption isotherms and Barrett–Joyner–Halenda 

(BJH) pore size distribution plots (inset) for Cd0.5Zn0.5S–g-C3N4–MoS2 and Cd0.5Zn0.5S and 

(B) Points of inflection at very low P/P0 in the isotherm plotted in logarithmic scale.  

4.3.10 Photocatalytic Hydrogen Production Analysis 

 In order to evaluate the photocatalytic activity of the composite system, H2 evolution 

was estimated in an aqueous solution containing sodium sulfite (0.1 M) and sodium sulfide 
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(0.1 M) as sacrificial reagent. Photocatalytic H2 evolution by a metal sulfide semiconductor 

in the presence of sulfide and sulfite anions can be represented by Equations 4.2–4.7.67 

Photocatalyst + hν ⟶ hVB
+ + eCB

−    (4.2) 

H2O  +  2eCB
− ⟶ H2 + 2OH−  (4.3) 

SO3
2− +  H2O +  2hVB

+ ⟶ SO4
2− + 2H+  (4.4) 

2S2− +  2hVB
+ ⟶ S2

2−     (4.5) 

S2
2− +  SO3

2− ⟶ S2 O3
2− + S2−  (4.6) 

SO3
2− +  S2− ⟶ 2hVB

+  + S2 O3
2−    (4.7) 

 The photoexcited electrons in the conduction band carries out the reduction of water 

to H2. While the photogenerated holes in the valence band are consumed by SO3
2- and S2- and 

get converted into SO4
2- and S2

2-, respectively. The production of excess S2
2- is supressed by 

its reaction with SO3
2- to form S2O3

2-. Although an additional component, S2O3
2-, is formed 

in the reaction chamber, it does not compete for light absorption with the photocatalyst 

because it is colourless. The risk of formation of sulfur defects in Cd0.5Zn0.5S is suppressed 

due to the presence of excess S2- in the solution, which stabilizes the photocatalyst.68 

 To evaluate the H2 production efficacy of the binary composite Cd0.5Zn0.5S–g-C3N4 

in comparison to other binary combinations, we performed control experiment with 

Cd0.5Zn0.5S–5%MoS2 and 30%g–C3N4–5%MoS2 (both prepared by ultrasonication of the 

components in definite weight percentage and represented as Cd0.5Zn0.5S–MoS2, and g-C3N4–

MoS2, respectively), and compared with Cd0.5Zn0.5S–g-C3N4 (Figure 4.14). It is seen that the 

binary composites Cd0.5Zn0.5S–MoS2 and g-C3N4–MoS2 produce H2 at a rate of ~ 49 

µmol/h/0.02g and ~ 20 µmol/h/0.02g, respectively which is lesser than Cd0.5Zn0.5S–g-C3N4 

(~ 68 µmol/h/0.02g). Thus the binary composite of Cd0.5Zn0.5S–g-C3N4 was studied over the 

other binary composites, Cd0.5Zn0.5S–MoS2, and g-C3N4–MoS2. 

The ternary composite Cd0.5Zn0.5S–g-C3N4–MoS2 resulted in H2 production from 

water at a rate of ~ 91 µmol/h/0.02g. The observed rate of H2 production of Cd0.5Zn0.5S–g-

C3N4 and Cd0.5Zn0.5S are ~ 68 µmol/h/0.02g and ~ 30 µmol/h/0.02g, respectively (Figure 

4.15). 
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Figure 4.14: Rate of photocatalytic hydrogen evolution of Cd0.5Zn0.5S–g-C3N4, Cd0.5Zn0.5S–

MoS2 and g-C3N4–MoS2. (Values rounded to the nearest integer) 

The ternary system (Cd0.5Zn0.5S–g-C3N4–MoS2) exhibited a significantly improved 

photocatalytic H2 production activity compared to Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S. The 

observed trend in the rate of H2 production can be understood by the enhanced charge 

separation in Cd0.5Zn0.5S–g-C3N4–MoS2 owing to the electron transfers from g-C3N4 and 

Cd0.5Zn0.5S to the H2 evolution reaction sites of MoS2 by virtue of its favorable band 

alignments. 

 

Figure 4.15: Rate of photocatalytic hydrogen evolution from Cd0.5Zn0.5S, Cd0.5Zn0.5S–g-

C3N4, and Cd0.5Zn0.5S–g-C3N4–MoS2. 
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The apparent quantum yield (AQY) of Cd0.5Zn0.5S–g-C3N4–MoS2 was calculated at a 

specific wavelength of 420 nm as it lies in the maximum absorbance range of the 

photocatalyst and has been reported in several literature of similar system. The AQY of 

Cd0.5Zn0.5S–g-C3N4–MoS2 was calculated to be ~ 38% at 420 nm. As the quantum efficiency 

is dependent on the light absorbance of the photocatalyst, it should vary in accordance with 

the absorbance spectra. In order to observe the effect of absorbance on the AQY, quantum 

efficiency was also calculated using a different band pass filter (480 nm). The AQY at 480 

nm was calculated to be ~ 35%. Thus, it is seen that the quantum efficiencies goes almost in 

accordance with the absorbance of Cd0.5Zn0.5S–g-C3N4–MoS2 as shown in Figure 4.16. 

 

Figure 4.16: Wavelength-dependent apparent quantum yield (AQY %) for H2 evolution of 

Cd0.5Zn0.5S–g-C3N4–MoS2 measured at 420 nm and 480 nm. 

 The durability of the best performing catalyst, Cd0.5Zn0.5S–g-C3N4–MoS2, is tested for 

three consecutive cycles. The durability of the catalyst is found to be moderate, as the amount 

of gas gradually decreases with repeated cycles as shown by the plot of irradiation time versus 

amount of gas evolved shown in Figure 4.17. This could be possibly due to the 

photocorrosion of sulfides present in all the components of our system, in due course of time. 

Cd0.5Zn0.5S and the composites Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S–g-C3N4–MoS2 showed 

high stability during photo irradiation. To establish the stability of the photocatalyst, the 
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catalysts were dispersed in 50 mL of aqueous solution of Na2SO3 (0.1 M) and Na2S (0.1 M) 

and subjected to irradiation. 

 

Figure 4.17: Rate of photocatalytic hydrogen evolution of Cd0.5Zn0.5S–g-C3N4–MoS2 for 

three consecutive cycles. 

PXRD of the recovered catalysts after 1h of light irradiation were recorded and this 

was repeated up to 2 h of irradiation. The PXRD of Cd0.5Zn0.5S, Cd0.5Zn0.5S–g-C3N4 and 

Cd0.5Zn0.5S–g-C3N4–MoS2 recovered after 1 and 2 h of irradiation are shown in Figure 4.18. 

The PXRD patterns retain the crystalline phase as well as no impurity peaks are detected due 

to the photocatalytic treatment which proves the stability of the photocatalyst during light 

irradiation.  

 

Figure 4.18: Powder X-ray diffraction of (A) Cd0.5Zn0.5S, (B) Cd0.5Zn0.5S–g-C3N4 and (C) 

Cd0.5Zn0.5S–g-C3N4–MoS2 before irradiation and recorded after 1 and 2 h of irradiation. 
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 In order to further confirm the separation efficiency, photocurrent−time 

measurements were carried out in an electro-chemical workstation (CHI 1120B) in a standard 

three-electrode configuration with a Pt wire as the counter electrode and Ag/AgCl as a 

reference electrode. 0.1 M Na2SO4 was used as the electrolyte. For the preparation of the 

working electrode, 10 mg finely ground sample was mixed with 25 ml Nafion solution and 

200 ml ethanol to make a slurry by ultrasonication. The slurry was then drop casted over an 

area of 1 cm × 1 cm onto a FTO glass substrate and was dried at 50 °C for 8 h. The 

photocurrent-time measurement was carried out for Cd0.5Zn0.5S, Cd0.5Zn0.5S–g-C3N4 and 

Cd0.5Zn0.5S–g-C3N4–MoS2 in a 20 s on-off light cycle as shown in Figure 4.19. The 

Cd0.5Zn0.5S–g-C3N4–MoS2 composite exhibits a higher transient photocurrent density of 9.28 

mA/cm2 than Cd0.5Zn0.5S with a photocurrent density of 2.52 mA/cm2, which indicates that the 

separation efficiency of photogenerated charge carriers is significantly improved at the 

semiconductor electrolyte interface, thus extending the lifetime of the electron–hole pairs 

effectively. 

 

Figure 4.19: Photocurrent response of Cd0.5Zn0.5S, Cd0.5Zn0.5S–g-C3N4 and Cd0.5Zn0.5S–g-

C3N4-MoS2. 

4.3.11 Photocatalytic Dye Degradation Analysis 

Apart from efficient H2 production, the as–synthesised composite also proved 

effective for degradation of organic pollutants frequently found in industrial waste water. We 
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Figure 4.20: (A) C/C0 versus time (min) plot of Cd0.5Zn0.5S, g-C3N4 and Cd0.5Zn0.5S–x%g-

C3N4 (x = 10, 20, 30, 40, 50), (B) C/C0 versus time (min) plot of Cd0.5Zn0.5S, g-C3N4 and 

Cd0.5Zn0.5S– 30%g-C3N4 and Cd0.5Zn0.5S–g-C3N4–x%MoS2 (x = 1, 3, 5, 7), (C) Plot of C/C0 

as a function of time (min) for Cd0.5Zn0.5S, Cd0.5Zn0.5S–g-C3N4, and Cd0.5Zn0.5S–g-C3N4–

MoS2 and (D) Rate of degradation of Rhodamine B in the presence of different reactive 

species scavengers. 

 A degradation study for all composites with different weight percentage of g-C3N4 

and MoS2, Cd0.5Zn0.5S–x%g-C3N4 (x = 10, 20, 30, 40, 50) and Cd0.5Zn0.5S–30%g-C3N4–

x%MoS2 (x = 1, 3, 5, 7) are shown in Figure 4.20 (A) and Figure 4.20 (B), respectively. 

From Figure 4.20 (A), it is observed that Cd0.5Zn0.5S–30%g-C3N4 exhibits the maximum 

degradation rate among the Cd0.5Zn0.5S–x%g-C3N4 (x = 10, 20, 30, 40, 50) composites. Thus, 

Cd0.5Zn0.5S–30%g-C3N4–x%MoS2 composites were further studied. The degradation 

efficiencies of Cd0.5Zn0.5S–g-C3N4–x%MoS2 (x = 1, 3, 5, 7) are shown in Figure 4.20 (B), 

where Cd0.5Zn0.5S–g-C3N4–5%MoS2 shows the best performance in degradation of 

Rhodamine B. Normalised concentration (C/C0) over time for Cd0.5Zn0.5S–g-C3N4–MoS2, 

Cd0.5Zn0.5S–g-C3N4, and Cd0.5Zn0.5S are compared with the other possible binary 

composition, Cd0.5Zn0.5S–MoS2, and g-C3N4–MoS2 (Figure 4.20 (C)), where Cd0.5Zn0.5S–g-

C3N4–MoS2 was found to be the most effective. By 30 min, the percent degradation is ~ 33%, 
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~ 65%, and ~ 86% for Cd0.5Zn0.5S, Cd0.5Zn0.5S–g-C3N4, and Cd0.5Zn0.5S–g-C3N4–MoS2, 

respectively. Active species trapping experiments were conducted in order to determine the 

primary active species involved in the degradation process. As seen in Figure 4.20 (D), a 

significant decrease in the rate was observed after the addition of benzoquinone (scavenger 

of O2
•−), demonstrating that O2

•−is the main active species involved in the RhB photooxidation 

process. However, isopropanol (scavenger of OH•) and EDTA-2Na (scavenger of holes) had 

almost no effect on RhB degradation as the rate of degradation is not much varied with the 

introduction of these scavengers which proves that •OH and h+ do not have a significant 

contribution in the photodegradation process. 

 Table 4.3: Average efficiency (%) of Photocatalytic dye degradation of all the as 

synthesized compounds 

System Average efficiency (%) 

Cd0.5Zn0.5S 57.7 

Cd0.5Zn0.5S–10%g-C3N4 87.32 

Cd0.5Zn0.5S–20%g-C3N4 87.96 

Cd0.5Zn0.5S–30%g-C3N4 93.77 

Cd0.5Zn0.5S–40%g-C3N4 92.57 

Cd0.5Zn0.5S–50%g-C3N4 90.43 

Cd0.5Zn0.5S–g-C3N4–1% MoS2 93.50 

Cd0.5Zn0.5S–g-C3N4–3% MoS2 90.49 

Cd0.5Zn0.5S–g-C3N4–5% MoS2 94.01 

Cd0.5Zn0.5S–g-C3N4–7% MoS2 76.01 

In order to minimize the possibility of manual and experimental error at various steps, 

the dye degradation efficiency (%) of all the compositions along with the bare counterpart are 

calculated by carrying out duplicate set and considered the average efficiency (%). The results 

are tabulated in Table 4.3. A comparative study of dye degradation ability of different 

CdxZn1-xS–based systems along with our materials, are presented in Table 4.5. 
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4.3.12 Determination of Band Structure and Charge Transfer Mechanism 

 To determine the conduction band minima of Cd0.5Zn0.5S, g-C3N4 and MoS2, cyclic 

voltammetry scan was carried out for all the samples using CH1120B potentiostat. For cyclic 

voltammetry scan, Cd0.5Zn0.5S, g-C3N4 and MoS2 were dispersed individually in ethanol and 

were spin coated on fluorine doped tin oxide (FTO) coated glass substrate which were used 

as working electrode in a three electrode configuration. Pt wire was used as counter electrode 

and Ag/AgCl as reference electrode with deoxygenated 0.1 M tetrabutylammonium 

hexafluorophosphate (TBAPF6) in acetonitrile as electrolyte. The scan rate was fixed at 50 

mV/s. The conduction band minimum (CBM) of the individual components, Cd0.5Zn0.5S, g-

C3N4 and MoS2, determined by cyclic voltammetry (CV) is shown in Figure 4.21.69 The 

electron transfer mediated through conduction band edge and valence band edge positions, 

gives rise to cathodic (Vc) and anodic peaks (Va), respectively in a cyclic voltammogram. The 

CBM was determined from the cathodic peak (E vs Ag/AgCl). The values (E vs vacuum) are 

obtained from the equation, ELUMO = -e [Ered
onset + 4.5]. From the CV data, the cathodic peak 

positions of Cd0.5Zn0.5S, g-C3N4 and MoS2 are observed at -0.55V, -1.38V and -0.27 V against 

an Ag/AgCl electrode, which corresponds to the CBM of the respective material. The CBM 

of the electrodes were estimated to be -3.95 eV, -3.12 eV and -4.23 eV, respectively against 

vacuum level. The band gap (Eg) of all the compounds are determined from Tauc Plot to be 

2.35 eV, 2.7 eV and 1.5 eV for Cd0.5Zn0.5S, g-C3N4 and MoS2, respectively. The valence band 

maximum is calculated using the relation, EVB = ECB + Eg, where EVB is the valence band 

maximum, ECB is the conduction band minimum and Eg is the bandgap energy of the material. 

Thus, the EVB values for Cd0.5Zn0.5S, g-C3N4 and MoS2 are calculated to be -6.3 eV, -5.82 eV 

and -5.73 eV, respectively (E vs vacuum). 

 

Figure 4.21: Cyclic voltammetry scan of (A) Cd0.5Zn0.5S, (B) g-C3N4 and (C) MoS2. 
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Based on the calculated valence band maxima, conduction band minima and the band 

gap of the individual components, band structure of the composite is determined. The suitable 

band positions and possible charge transfer pathways between the components in the 

Cd0.5Zn0.5S–g-C3N4–MoS2 composite is schematically shown in Figure 4.22. From the figure 

it is observed that the photogenerated electrons in g-C3N4 and Cd0.5Zn0.5S find a facile transfer 

pathway to the co–catalytic sites of MoS2, thus facilitating a better separation and prevention 

of recombination which is responsible for the observed high rate of photocatalytic activity in 

the composite. 

 

Figure 4.22: Band alignment and probable charge-transfer pathways among the components 

in Cd0.5Zn0.5S–g-C3N4–MoS2 composite 

Table 4.4: An overview of the present scenario of some CdxZn1-xS based systems and their 

binary composite with g-C3N4 or different co–catalyst in terms of rate of hydrogen production 

and Apparent Quantum Yield (AQY) along with the system discussed in the chapter 

Sample Apparent 

Quantum Yield 

(AQY) (%) 

Rate of 

hydrogen 

production 

(mmol/h/g) 

Reference 
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Zn0.5Cd0.5S 9.6 (at 420 nm) 7.42  70 
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Cd0.5Zn0.5S 43 (at 425 nm) 1.79  9 

Cd0.2Zn0.8S 16.2 (at 420 nm) 3.43  71 

Cd1-xZnxS (x = 0.2) 10.23 (at 420 nm) 0.180 (amount of 

catalyst not disclosed) 

45 

Zn0.5Cd0.5S porous nanosheets - 1.67 72 

Cd0.57Zn0.43S - 1.76  73 

Cd0.5Zn0.5S 32 wt% @C3N4 46.65 (at 450 nm) 33.41  25 

Cd0.2Zn0.8S/g-C3N4 - 0.208 (amount of 

catalyst not disclosed)  

27 

Zn0.2Cd0.8S/MoS2 3% - 0.42  41 

MoS2- Cd0.5Zn0.5S 1.34 (at 420 nm) 12.3  40 

AuPd/ Cd0.5Zn0.5S - 3.65  35 

Cd0.2Zn0.8S 

1 wt% Pt on Cd0.2Zn0.8S 

- 1.8  

5  

33 

Pt-RuS2-Cd0.5Zn0.5S 4 (under day light 

fluorescent lamp) 

0.72  36 

Zn0.5Cd0.5S@MoS2/RGO - 2.31  74 

Cd0.8Zn0.2S/MoS2/graphene - 2.97  48 

Cd0.62Zn0.16S 2.17 (under UV 

irradiation) 

16.320 75 

Cd0.5Zn0.5S/C3N4 37 (at 425 nm) 0.928 (amount of 

catalyst not disclosed) 

26 

Cd0.44Zn0.56S - 2.640  76 

Cd0.5Zn0.5S–g-C3N4–MoS2 38 (at 420 nm) 4.5 

(under visible 

light irradiation) 

This work 
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Table 4.5: An overview of dye degradation ability of different CdxZn1-xS based systems along 

with our system 

 

System Initial 

concentration 

of dye solution 

Dye Degradation efficiency Reference 

Zn0.4Cd0.6S 5 mg/L 98.7% RhB degradation in 180 

min 

77 

Zn0.28Cd0.72S 6.1 ×10-5 mol/L 96% methyl orange degradation 

after 6 h of irradiation 

78 

Cd0.2Zn0.8S/g-C3N4 

(20%) 

10 mg /L 95.8% RhB degradation after 180 

min irradiation 

27 

0.1C3N4/ 

Zn0.8Cd0.2S 

2.0×10-5 mol/L 97.9% degradation of RhB within 

90 min 

79 

Zn0.8Cd0.2S/  

g-C3N4 

10 mg/L 99.8% degradation of 

Methylene Blue 

in 180 min irradiation 

80 

Cd0.5Zn0.5S– 

g-C3N4–MoS2 

 

10-5 mol/L 96% degradation of RhB in 60 

min 

This 

Work 

 

4.4 CONCLUSION 

 We have synthesized Cd0.5Zn0.5S, g-C3N4, and MoS2 by simple synthetic procedures. 

By ultrasonicating these three components in definite weight percentage, we developed a 

noble-metal-free ternary composite Cd0.5Zn0.5S–g-C3N4–MoS2. The photocatalytic efficiency 

of the ternary composite was studied by monitoring H2 and dye degradation during 

illumination. Addition of g-C3N4 and both g-C3N4 and MoS2 increase the rate of H2 

production (~ 68 mmol/h/0.02g and ~ 91 mmol/h/0.02g, respectively) compared to bare 

Cd0.5Zn0.5S (~ 31 mmol/h/0.02g). The significant improvement of photocatalytic properties in 

the ternary composite can mainly be credited to the enhanced interfacial charge transfer of 

electrons in the composite system leading to a decrease in the photoinduced charge 
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recombination and hence an increased number of electrons available for reaction at the active 

sites. This conclusion was supported by extensive experimental techniques like electron 

microscopy images, photoluminescence data, XPS analysis etc. 
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Chapter 5 

 

A Direct Z-scheme Strategy Utilizing ZnIn2S4 

and Hierarchical VS2 Microflowers for 

Superior Photoelectrochemical Water 

Oxidation 
This chapter explains the design of a model system utilizing ZnIn2S4 and hierarchical VS2 for 

a Z-scheme pathway, without an electron mediator, for efficient charge separation. An 

impressive ~ 18-fold increase in the photocurrent value has been observed in ZnIn2S4-VS2 

over its bare counterpart. A detailed investigation of the charge carrier dynamics leading to 

enhanced activity in the composite is carried out.  
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5.1 INTRODUCTION 

Among the various semiconductors studied as photoelectrode material, an important 

and promising ternary chalcogenide semiconductor belonging to the IIB–IIIA–VIA group of 

sulfide material is hexagonal ZnIn2S4 with 2D layered structure.1 It has attracted attention as 

a photocatalyst due to its photostability, low toxicity, narrow bandgap, efficient optical 

absorption of solar energy in the visible light, categorising it as an exotic, eco–friendly and 

visible light driven photocatalyst for clean energy conversion.2, 3 However, despite of its 

favourable physical properties, it exhibits poor photocatalytic performance owing to the low 

separation efficiency of photogenerated charge carriers.4 Since its first report as photocatalyst 

by Lei et al in 2003,1 it has been widely studied especially in heterojunction photocatalysts as 

synergistic components to enhance the photocatalytic efficiency for H2 production along with 

various combinations.5, 6 A heterojunction strategy that has appealed considerable attention 

is Z–scheme principled composite system.7, 8 The prime advantage of Z–scheme over widely 

studied type II heterojunction is that apart from the improved separation of photogenerated 

charge carriers, electron in more negative conduction band (CB) and hole in more positive 

valence band (VB) potentials endow the photogenerated electrons and holes with strong 

reduction and oxidation ability.9, 10 Z–scheme photocatalytic system encompasses two 

individual photocatalysts and a shuttle redox mediator or electron mediator, such as graphene 

or noble metals Au, Ag, etc. 7, 11-13 However, direct Z–scheme photocatalysts (the third 

generation of Z–scheme photocatalytic systems) need neither liquid electron mediators nor 

expensive noble metal electron mediators.14 Thus direct Z–scheme emerges as a promising 

heterojunction system with components of favourable band positions forming intimate 

interface between them. 

 Vanadium disulfide (VS2) has recently been widely studied as an emerging 

electrocatalyst material for hydrogen evolution reaction (HER) because of its catalytic 

activity on both the edge as well as basal plane.15, 16 Because of good conductivity and 

abundant active sites, layered VS2 also has a great potential in the HER.17 Very few studies 

have reported VS2 as composite (e.g. with MoS2, 
17

 C3N4 etc18) for superior activity in H2 

evolution activity. Based on the calculated energy level alignment of VS2, it serves as a 

favourable candidate to form Z–scheme heterostructure with ZnIn2S4. We have synthesised 

ZnIn2S4–VS2 for the first time anticipating a direct Z–scheme composite without any electron 
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mediator. Because of the well proximity of alignment of the valence band position of ZnIn2S4 

to that of the conduction band of VS2, there is a favourable recombination of photogenerated 

electron–hole at the interface, leaving behind photogenerated electrons in the conduction 

band of ZnIn2S4 whereas holes are left behind at the valence band of VS2 with a higher 

oxidation potential for efficient water oxidation reaction. The effect of lesser recombination 

in ZnIn2S4 in the composite owing to the favourable Z–scheme with VS2 and higher oxidation 

potential at VS2 surface is reflected in the increased photocurrent density in the composite as 

compared to bare ZnIn2S4. 

5.2 EXPERIMENTAL SECTION 

5.2.1 Preparation of ZnIn2S4 

 ZnIn2S4 was prepared following a previously reported method.19 In a typical synthesis, 

ZnCl2 (0.136 g, 1 mmol), InCl3 (0.442 g, 2 mmol) and thioacetamide (C2H5NS) (0.300 g, 4 

mmol) were dissolved in 70 mL of deionised water and transferred to a 100 mL Teflon lined 

autoclave and heated at 120 °C for 12 h. After cooled to room temperature, the product was 

washed with deionised water and ethanol several times and then dried at 60 °C for overnight. 

5.2.2 Preparation of VS2 

 In a typical synthesis procedure of VS2, sodium orthovanadate (Na3VO4·2H₂O) 

(1.103g, 6 mmol) and thioacetamide (C2H5NS) (2.404g, 32 mmol) were dissolved in 50 mL 

of water and kept for stirring for 1 h. The reaction mixture was then transferred to a stainless 

steel autoclave and hydrothermally treated at 160 °C for 24 h.16 

5.2.3 Preparation of ZnIn2S4–VS2 

 For ZnIn2S4–VS2, calculated amount of as–synthesised ZnIn2S4 and VS2 were 

measured and the components were well dispersed in 5 mL ethanol by sonication for 60 min. 

The well dispersed composite was then dried at 60°C overnight. 
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5.3 RESULTS AND DISCUSSION 

5.3.1 Powder X-ray Diffraction (PXRD) Patterns 

 The crystal structure and phase purity of the as-synthesized compounds were 

determined by PXRD. Figure 5.1 shows the powder X-ray diffraction patterns for ZnIn2S4, 

VS2 and ZnIn2S4–VS2. From Figure 5.1, it is observed that ZnIn2S4 shows peaks of 2  values 

at 21.5°, 27.6°, 30.4°, 39.8°, 47.2°, 52.4° and 55.6°, which correspond to the (006), (102), 

(104), (108), (110), (116) and (022) crystallographic planes of hexagonal ZnIn2S4 (JCPDS 

file No. 065-2023).20 The as–synthesized VS2 nanosheets shows a PXRD pattern with several 

diffraction peaks at 2θ = 15.4°, 32.1°, 35.7°, 45.2°, 57.2°, 58.3° and 59.6° which are assigned 

to (001), (100), (011), (012), (110), (103) and (111) planes, respectively, consistent with the 

JCPDS file No. 89-1640, confirming the formation of a pure hexagonal VS2 phase without 

any other impurities.16 The PXRD pattern of the binary composite ZnIn2S4–VS2 match well 

with ZnIn2S4 along with the (001) and (110) diffraction patterns of VS2 which proves the 

presence of VS2 and ZnIn2S4 in the composite. There is no distinct shift observed in the 

diffraction peak positions which signifies that there is no phase change of the components in 

the composite. 

 

Figure 5.1: Powder X-ray diffraction pattern for as-synthesized ZnIn2S4, VS2 and ZnIn2S4-

VS2. 
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5.3.2 Material Morphology and Elemental Analysis 

Figure 5.2 (A, B) shows the morphological analysis of ZnIn2S4. It is seen to be 

constituted of flower like morphology composed of nanosheets with diameter ~ 3µm. VS2 

possesses flower like morphology with dimensions of ~ 1-3 µm with petals composed of 

nanosheets that are uniformly stacked in a definite pattern as shown in Figure 5.2 (C, D). 

Figure 5.2 (E, F) shows the morphological features of ZnIn2S4–VS2. Some portions in Figure 

5.2 (E, F), expected to be ruptured VS2, are highlighted with dotted circles 

 

Figure 5.2: Field-emission scanning electron microscopy images of (A, B) ZnIn2S4, (C, D) 

VS2 and (E, F) ZnIn2S4–VS2. Anticipated VS2 in ZnIn2S4–VS2 is encircled in red dotted 

circles in (E, F). 

FESEM images of VS2 after sonication for 60 min are shown in Figure 5.3 (A, B). It 

proves that the structure of VS2 is dissociated during the sonication process which leads to 

uneven structures, thus leading to more surface area for interaction between the components. 

To further affirm the claim, FESEM of bare ZnIn2S4 sonicated for 60 min are shown in Figure 

5.3 (C, D) which clarifies that the clear flower like morphology of ZnIn2S4 remains intact 

even after sonication. Thus from Figure 5.2 (E, F) we can envisage the irregular morphology 

in the composite to be VS2 (encircled in red dots) which helps in better physical interaction 

among the components in the composite. 
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Figure 5.3: Field-emission scanning electron microscopy (FESEM) images of (A, B) VS2 

and (C, D) ZnIn2S4 after sonication for 60 min. 

 

 

Figure 5.4: (A) Energy-dispersive X-ray (EDX) mapping of ZnIn2S4–VS2. Homogeneous 

elemental distribution of (B) Zn, (C) In, (D) S and (E) V respectively in the area in (A) and 

(F) Energy-dispersive X–ray spectrum of ZnIn2S4–VS2 
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5.3.3 Ultraviolet-Visible Diffuse Reflectance Spectra and Band Gap Calculation 

In order to understand the absorbance profile of the synthesised compounds, the UV-

visible diffuse reflectance spectra of ZnIn2S4, VS2 and the binary composite ZnIn2S4–VS2 are 

taken and represented in Figure 5.5 (A). It is seen that VS2 absorbs well in the whole visible 

region. Both the compounds ZnIn2S4 and ZnIn2S4–VS2 absorb in the visible region with a 

slight red shift of the absorbance wavelength in ZnIn2S4 –VS2. However, upon combination 

with VS2, the composite ZnIn2S4–VS2, displays an effect of enhanced optical absorption in 

the higher wavelength region (λ > ~ 500 nm). The steep absorption around 400–500 nm in 

ZnIn2S4 and ZnIn2S4–VS2 can be attributed to a band transition.21 Band gaps are determined 

by Tauc plot from the intersection of the extrapolated linear portion with the X–axis as shown 

in Figure 5.5 (B).  

 

Figure 5.5: (A) Ultraviolet–visible diffuse reflectance spectra of ZnIn2S4, VS2 and ZnIn2S4–

VS2, (B) Tauc plot of ZnIn2S4 and ZnIn2S4 –VS2. Inset is the Tauc plot of VS2, (C) XPS 

valence band spectra of ZnIn2S4, VS2 and ZnIn2S4–VS2 (D) band structure of proposed Z–

scheme of ZnIn2S4–VS2. 
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The band gap of ZnIn2S4, VS2 and ZnIn2S4–VS2 are calculated to be 2.48, 1.02, and 

2.40 eV, respectively. In addition, the valence band position of ZnIn2S4, ZnIn2S4–VS2 and 

VS2 are determined from the XPS valence band spectra as shown in Figure 5.5 (C). The 

valence band position of ZnIn2S4, ZnIn2S4–VS2 and VS2 are determined to be 1.40, 0.99, and 

2.33 eV, respectively. Based on the above calculations, the band energy diagram of ZnIn2S4–

VS2 is schematically shown in Figure 5.5 (D). From the energy band diagram, it is seen that 

the conduction band of VS2 and valence band of ZnIn2S4 are favourably aligned for electron 

hole recombination at the heterojunction leaving behind electrons in the conduction band of 

ZnIn2S4 and holes in the valence band of VS2 favouring a Z–scheme of electron transfer 

pathway. 

5.3.4 Fourier Transformed Infra-Red (FT-IR) and Raman Spectra Analysis 

 

Figure 5.6: (A) Fourier transformed infra-red spectra and (B) Raman spectra of ZnIn2S4, VS2 

and ZnIn2S4–VS2 

FT-IR spectra of ZnIn2S4, VS2 and ZnIn2S4–VS2 are shown in Figure 5.6 (A). The 

broad band centred at ~ 3420 cm-1 can be attributed to the O–H stretching vibration of the 

adsorbed H2O from the atmosphere.22 The band at ~ 1620 cm-1 in all the samples corresponds 

to O–H bending vibrations of adsorbed water molecules while the one at ~ 1390 cm-1 is due 

to hydroxyl groups.23 Peaks observed between 400 and 700 cm−1 are assigned to metal–sulfur 

bond.24 The peaks at ~ 2921 and ~ 2852 cm−1 in all the samples occur from the C–H stretching 

modes.25, 26 In the FT-IR spectrum of VS2, apart from the peaks mentioned above 

corresponding to adsorbed moisture and metal–sulfur bonds, a peak featured at ~ 984 cm-1 is 

observed assigned to the υ(V=S) terminal S stretches which confirms the presence of V4+ 
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oxidation state in VS2 further confirmed by XPS.27 The V=S peak is also observed in ZnIn2S4 

–VS2 which is shifted towards higher energy compared to VS2, which could be indicative of 

the interaction of ZnIn2S4 and VS2 via the terminal S of VS2. This observation is further 

observed in XPS analysis as discussed later. 

Raman spectroscopy is a widely used useful tool to characterise the structural bonding 

nature in compounds. Raman spectral studies were carried out for ZnIn2S4, VS2 and ZnIn2S4–

VS2 as shown in Figure 5.6 (B). In ZnIn2S4, characteristic Raman peaks observed at around 

244 and 343 cm−1 are typical molecular vibration of ZnIn2S4 assigned to the longitudinal 

optical mode, LO1 and LO2 respectively.28 The band featured at ~ 123 cm-1 proves the layered 

structure of hexagonal ZnIn2S4.
29 In the Raman spectra of VS2, characteristic peaks at ~ 278 

and 404 cm-1 are due to the in-plane and out-of-plane A1g vibration modes. In the Raman 

spectra of VS2, the observed peaks at ~ 140, ~ 192, ~ 278, ~ 404 cm-1correspond to the rocking 

and stretching vibrations of V–S bonds or their combination.30 The characteristic peaks at ~ 

278 and ~ 404 cm-1 are due to the in-plane E2g
1 and out-of-plane A1g vibration modes. The 

A1g mode is due to the out-of-plane vibration of only the S atoms in opposite directions while 

the in-plane mode formed from opposite vibration of the two S atoms with respect to the V 

atom.31 In the composite ZnIn2S4–VS2, a clear red shift of the Raman peaks of ZnIn2S4 is 

observed which implies interaction among the components in the composite, ZnIn2S4–VS2.
32 

5.3.5 X-ray Photoelectron Spectroscopy (XPS) Spectra 

 In order to understand the composition of ZnIn2S4, VS2, and ZnIn2S4–VS2 and 

comprehend the bonding state of each element in composite as well as the bare counterparts, 

XPS analysis is carried out. Peaks are calibrated with respect to C 1s at 284.7 eV. The high-

resolution XPS spectra of Zn 2p and In 3d are shown in Figure 5.7 (A) and Figure 5.7 (B), 

respectively. The XPS signals of Zn 2p of ZnIn2S4 are observed at binding energies (B. E.) 

1022.18 eV (Zn 2p3/2) and 1045.24 eV (Zn 2p1/2), which are in good agreement with 

literature.33 The Zn 2p core level spectra of ZnIn2S4–VS2 also shows the presence of signals 

at B. E. of 1021.54 and 1044.54 eV corresponding to Zn 2p3/2 and Zn 2p1/2 respectively. Two 

shake-up satellite features for Zn 2p of ZnIn2S4 (1025.27 and 1048.38 eV) and ZnIn2S4–VS2 

(1023.66 and 1046.51 eV) are observed in the spectrum (Figure 5.7 (A)). The B. E. of In 3d 

of ZnIn2S4 appear at 445.34 eV (In 3d5/2) and 452.5 eV (In 3d3/2), while that for ZnIn2S4–VS2 

is observed at B. E. values 444.78 and 452.29 eV corresponding to In 3d5/2 and In 3d3/2, 
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respectively.34 In 3d5/2 core level spectra is further deconvoluted to two components at B. E. 

447.68 and 454.86 eV (for ZnIn2S4) and 446.54 and 453.6 eV (for ZnIn2S4–VS2) (Figure 5.7 

(B)).  

 

Figure 5.7: X-ray photoelectron spectroscopy (XPS) spectra of (A) Zn 2p, (B) In 3d, (C) S 

2p and (D) V 2p. 

  The peak fitting analysis of S 2p of ZnIn2S4 and ZnIn2S4–VS2 confirms the presence 

of S2− with two peaks located at binding energy (B. E.) 162.17 and 163.7 eV for ZnIn2S4 and 

at 161.53 and 162.9 eV eV for ZnIn2S4–VS2 which can be assigned to S 2p3/2 and S 2p1/2, 

respectively (Figure 5.7 (C)). The peak at B. E. ~ 163 eV can be attributed to metal–sulfur 

bond.35, 36 Apart from the S 2p3/2 and S 2p1/2 peaks observed at 162.7 and 164.1 eV, 

respectively for VS2, a distinct peak at 168.19 eV is observed in S 2p spectra of VS2 that can 

be assigned to sulfate (S(VI)) which indicates that the surface of the VS2 is oxidised when 

exposed to air (Figure 5.8 (A)).37 However, on forming composite ZnIn2S4–VS2, the surface 

oxidised sulfur is not observed and the fraction of metal–sulfur bond increases from 0.23 in 

VS2 to 0.4 in the composite due to the interaction of Zn and In with VS2 through the exposed 

S edges thus increasing the number of metal-S bonds in the composite. V 2p peaks appear 
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asymmetrically in VS2 as well as ZnIn2S4–VS2 indicating more than one oxidation state of 

vanadium ions. Deconvolution of the V 2p core level spectra revealed the presence of mixed 

valent V species at the surface of the prepared materials. The V 2p signals of VS2 at 516.24 

and 523.54 eV (Figure 5.7 (D)) are attributed to V 2p3/2 and V 2p1/2, implying the existence 

of V4+. Owing to a strong affinity of vanadium towards oxygen, it undergoes fast oxidation 

under atmospheric condition which is confirmed by the observance of the other V 2p peaks 

at 517.54 eV (2p3/2) and 524.84 eV (2p1/2) which belong to V5+ (V2O5).36 Similarly V 2p 

signals of ZnIn2S4–VS2 shows two peaks at 516.57 and 523.66 eV which are associated with 

V4+ 2p3/2 and V4+ 2p1/2 while the two weak peaks at 518.06 and 525.14 eV are ascribed to V5+ 

2p3/2 and V5+ 2p1/2 respectively.36, 38As observed from Figure 5.7 (A), Figure 5.7 (B) and 

Figure 5.7 (C), respectively, the B. E. of Zn 2p, In 3d and S 2p for ZnIn2S4–VS2 are slightly 

shifted to lower energy as compared to bare ZnIn2S4. Such energy shift towards lower energy 

in the composite could be explained by the presence of higher electron density on ZnIn2S4 in 

the composite due to lesser electron hole recombination by virtue of the proposed Z–scheme 

of electron transfer in ZnIn2S4 –VS2. The electron transfer mechanism is further supported by 

the shift in B. E. of V 2p towards higher energy in ZnIn2S4–VS2 as compared to VS2 (Figure 

5.7 (D)). The lesser electron density at the conduction band of VS2 because of the favourable 

electron–hole recombination at the conduction band of VS2 and valence band of ZnIn2S4, 

results in a decrease in the electron density available at VS2 in ZnIn2S4–VS2 compared to bare 

VS2. This results in a higher B. E. of the XPS peak of V 2p in ZnIn2S4–VS2 compared to VS2.  

 As the presence of oxidised V (V2O5) is confirmed from the V 2p core level XPS 

spectra, O 1s XPS analysis for VS2 and the composite ZnIn2S4–VS2 are carried out (Figure 

5.8 (B)). The fitting analysis of O 1s peak confirms the presence of O2- with three peaks 

originating from distinct oxygen environments. The peak located at ~ 529 eV corresponds to 

O2- in metal oxide indicating the presence of V–O, suggesting that V is inevitably partially 

oxidised to V2O5 in the hydrothermal process,18 whereas the peaks positioned at ~ 531, and ~ 

532 eV corresponds to other forms of oxygen such as O–H, and surface adsorbed moisture 

respectively indicating the presence of vanadium oxide (Figure 5.8 (B)) .36, 39 
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Figure 5.8: X-ray photoelectron spectroscopy (XPS) spectra of (A) S 2p and (B) O 1s of 

ZnIn2S4–VS2 and VS2. 

5.3.6 Determination of Charge Transfer Mechanism  

 

Figure 5.9: (A) Change in photoluminescence with irradiation time for ZnIn2S4–VS2 

dispersed in terephthalic acid and (B) fluorescence intensity at 426 nm versus irradiation time 

for ZnIn2S4 and ZnIn2S4–VS2. 

For better understanding the charge transfer mechanism, the rate of formation of .OH 

in bare ZnIn2S4 as well as ZnIn2S4–VS2 under light illumination is measured by using 

terephthalic acid as a probe molecule in a photoluminescence technique. Terephthalic acid, 

which is otherwise a very poor fluorescent molecule could react with .OH to form 2-

hydroxyterephthalic acid, a highly fluorescent molecule. The potential of OH−/ OH•is 

reported to be about 2.3 V (vs NHE).40 As the valence band potential of VS2 is more positive 

(~ 2.4 V vs NHE) than the OH−/ OH•potential (2.3 V vs NHE), the holes in the valence band 
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of VS2 can react with OH− to generate OH•. The holes on the valence band of ZnIn2S4 however 

are not capable of the oxidation due to its more negative reduction potential (~ 1.40 V vs 

NHE) than OH−/ OH•. The formation of hydroxyl radicals (OH•) on the surface of ZnIn2S4 

and ZnIn2S4–VS2 were detected using photoluminescence method using terephthalic acid as 

a probe molecule. In a typical experiment, 10 mg photocatalyst is added into 20 mL mixed 

solution consisting of 5x10-4 M terephthalic acid and 2x10-3 M NaOH. Under UV–visible 

light irradiation, the PL emission spectra of 2–hydroxyterephthalic acid generated are 

measured every 15 min using the excited wavelength of 325 nm. The change in PL spectra 

observed with irradiation time for ZnIn2S4–VS2 dispersed in terephthalic acid are shown in 

Figure 5.9 (A) while the fluorescence intensity at 426 nm versus irradiation time of ZnIn2S4 

and ZnIn2S4–VS2 is shown in Figure 5.9 (B). It is seen that the fluorescent intensity of 

ZnIn2S4–VS2 dispersed in terephthalic acid is drastically increased compared to that of 

ZnIn2S4. This provides a clear evidence that sufficient number of holes are available in 

valence band of VS2 in ZnIn2S4–VS2 for oxidation of OH− to OH•. This experiment further 

rules out the formation of a type–II heterostructure where holes accumulate at the valence 

band of ZnIn2S4 which is thermodynamically unfavourable to generate OH•which is contrary 

to the experimental findings from the PL experiment using terephthalic acid probe. 

5.3.7 Steady State and Time Resolved Photoluminescence  

 

Figure 5.10: (A) Steady-state photoluminescence spectra of ZnIn2S4 and ZnIn2S4-VS2 

(excitation at 420 nm) and (B) Time-resolved photoluminescence spectra of ZnIn2S4 and 

ZnIn2S4–VS2 (Excitation at 405 nm, Emission at 550 nm) 
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In order to access the charge transfer and separation behavior steady–state 

photoluminescence (PL) (Figure 5.10 (A)) and time-resolved photoluminescence 

experiments (TRPL) (Figure 5.10 (B)) were carried out. Room temperature steady-state PL 

analyses were carried out to investigate the excited state charge transfer processes in ZnIn2S4-

VS2. The PL spectra of ZnIn2S4 shows a strong emission at ~ 545 nm upon excitation at 420 

nm (Figure 5.10 (A)) indicating an intense charge recombination occurring in the 

photocatalyst. On introduction of VS2, the PL intensity quenches drastically in ZnIn2S4–VS2 

implying a reduced possibility of photogenerated electron hole pair recombination in the 

composite ZnIn2S4–VS2 compared to ZnIn2S4. Lesser electron hole recombination in 

ZnIn2S4–VS2 is due to the availability of more number of photogenerated electrons in the 

conduction band of ZnIn2S4 as the photogenerated holes in the valence band of ZnIn2S4 

undergo efficient recombination with the electrons in the conduction band of VS2 as proposed 

in the Z–scheme electron transfer pathway.  

 Charge carrier dynamics of ZnIn2S4 and ZnIn2S4–VS2 were probed by time-resolved 

photoluminescence (TRPL) spectroscopy. The synergistic effects of energy transfer between 

the components is determined by TRPL spectroscopy at an excitation wavelength of 405 nm 

and emission monitored at 550 nm are shown in Figure 5.10 (B). The average lifetime, ⟨ ⟩, 

was calculated using the following equation: 

< 𝜏 >=
𝛼1 𝜏1

2 + 𝛼2 𝜏2
2

𝛼1 𝜏1 +  𝛼2 𝜏2
 

Various parameters like fitting parameter (χ2), intensity (α1, α2), excited-state lifetime (τ1, τ2), 

and average exciton lifetime (⟨τ⟩ns) of ZnIn2S4 and ZnIn2S4–VS2 are tabulated in Table 5.1. 

The average emission lifetime of ZnIn2S4–VS2 (~ 1.31 ns) is much shorter than that of ZnIn2S4 

(~ 2.45 ns). Due to the favourable electron hole recombination at ZnIn2S4 and VS2 junction, 

photogenerated electrons are available at the conduction band of ZnIn2S4 for a longer time 

thus leading to an enhanced electron lifetime in the composite compared to ZnIn2S4.41 
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Table 5.1: Tabulation of Fitting Parameter (χ2), Intensity (α1, α2) (%), Excited-State Lifetime 

(τ1, τ2), and Average Exciton Lifetime (⟨τ⟩ (ns)) of ZnIn2S4 and ZnIn2S4–VS2 

 χ2 α1 (%) α2 (%) τ1 (ns) τ2 (ns) <τ> (ns) 

ZnIn2S4  1.105 91.246 8.754 0.348 2.640 1.31 

ZnIn2S4-VS2  1.156 69.304 30.696 0.470  3.125  2.45 

 
 

5.3.8 Electrochemical Characterisations for Water Oxidation  

The water oxidation ability of the photoanodes were determined by 

photoelectrochemical characterisations. Figure 5.11 (A) shows the photocurrent density of 

ZnIn2S4 and ZnIn2S4–VS2 with applied potential ranging from 0 to 1.5 V (vs Ag/AgCl) under 

dark and light conditions (J–V curve). It is observed that ZnIn2S4–VS2 (~ 56 µA cm-2) shows 

a dramatic improvement of ~ 18 fold in photocurrent value compared to ZnIn2S4 (~ 3 µA cm-

2) measured at 1.23 V vs RHE under 1 Sun illumination. This significant upsurge of 

photocurrent in ZnIn2S4–VS2 implies an increased charge carrier availability in the composite 

which is an evidence of reduced recombination of electron hole pair at ZnIn2S4 in the 

composite by virtue of the proposed Z–scheme electron transfer pathway. 

Chronoamperometric current vs time (I–t) curve with chopped illumination at an interval of 

10 seconds is shown in Figure 5.11 (B). An increased photocurrent density of ZnIn2S4–VS2 

as compared to ZnIn2S4 in consistency with the I–V measurements is observed. The photo 

response of ZnIn2S4–VS2 is considerably increased as compared to ZnIn2S4. However, from 

the chopped photocurrent measurements (Figure 5.11 (B), Figure 5.12 (A)), although a 

considerably high increment in photocurrent is observed for ZnIn2S4–VS2, it is noteworthy to 

observe a relatively slower photo current response in ZnIn2S4–VS2 composite than ZnIn2S4. 

This can be explained by the fact that the additional charge on the surface states accumulates 

the minority carriers due to reduced recombination by virtue of the effective Z–scheme 

proposed.42 Such an additional charging requires slow kinetics of charge transfer through the 

surface states.43 It can further be supported by the increased charge storage resulted in 

increased capacitance by the surface states in the composite as explained from the fitted 

parameters of Nyquist plot (Table 5.2). The stored charge leads to a slow and continuous 

release of electrons from the composite resulting in a relatively slower response. The slow 
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kinetics of charge transfer from the semiconductor interface implies that the photogenerated 

current is added to the dark current which explains the dark current observed in ZnIn2S4–VS2 

in Figure 5.11 (A) and Figure 5.11 (B), thus resulting in effective utilisation and storage of 

solar energy.43 

 

Figure 5.11: (A) J–V curves of ZnIn2S4 and ZnIn2S4–VS2 under dark and illumination, (B) 

Current density vs time plots of ZnIn2S4 and ZnIn2S4–VS2. Light turned on and off at an 

interval of 10 seconds, (C) Nyquist plots of ZnIn2S4 and ZnIn2S4–VS2 under dark and light 

conditions and (D) Mott–Schottky plots of ZnIn2S4, VS2 and ZnIn2S4–VS2 measured at a 

frequency of 1 KHz under dark condition. The electrolyte used is 0.5 M Na2SO4. 

 The intrinsic electronic charge transport properties in the bulk and interface of the 

photoelectrodes under dark and light illumination were studied by electrochemical impedance 

spectroscopy (EIS). Nyquists plots of ZnIn2S4 and ZnIn2S4–VS2 under dark and illumination 

are shown in Figure 5.11 (C). The arc observed is smaller under light illumination than under 

dark for both ZnIn2S4 and ZnIn2S4–VS2. It is due to the better charge transfer efficiency under 

light illumination as there is increased number of photogenerated charge carriers available 
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under light illumination. Further, the smaller arc radius of ZnIn2S4–VS2 compared to ZnIn2S4 

under both dark and 1 Sun illumination conditions indicates a better charge transfer efficiency 

in the composite. In order to correlate changes in the Nyquist plots with the dynamics of 

charge transport through the bulk of the photoanode and the surface interface with the aqueous 

electroyte, the EIS data is fitted in an equivalent model as shown in Figure 5.12 (B). The 

parameters obtained from the fitted plots for ZnIn2S4 and ZnIn2S4–VS2 under dark and under 

illumination at 0.7 V vs Ag/AgCl are tabulated in Table 5.2. Detailed insight into the fitted 

parameters provide with a comprehension of the charge transfer processes at the photoanodes 

and the reason of increased photocurrent density of the composite ZnIn2S4–VS2. The general 

equivalent circuit (EC) used to interpret the impedance spectroscopic data is shown in Figure 

5.12 (B). Various components in the EC consists of the series resistance (Rs), capacitance of 

the bulk (Cbulk), charge transfer resistance of the bulk (Rct,bulk), charge transfer resistance of 

the surface states (Rct,trap) and capacitance of the surface states (Ctrap). The parameters 

obtained from fitted Nyquist plots for ZnIn2S4 and ZnIn2S4–VS2 under dark and under 

illumination at 0.7V vs Ag/AgCl are tabulated in Table 5.2. 

Table 5.2: Tabulation of fitted parameters of Nyquist plot at 0.7 V vs Ag/AgCl under dark 

and 1 sun illumination condition 

 Rs (Ω) Cbulk (F) Rct, bulk (Ω) Rct trap (Ω) Ctrap(F) 

ZnIn2S4 dark 32.65 3.77x10-6 3615 1.67 x106 1.54 x10-6 

ZnIn2S4 light 31.36 4.21 x10-6 6124 1.32 x105 2.37 x10-6 

ZnIn2S4–VS2 dark 30.46 2.67 x10-6 381.1 2.52 x104 3.69 x10-6 

ZnIn2S4–VS2 light 30.59 2.72 x10-6 402.7 1.86 x104 3.66 x10-6 

  

It is observed from Table 5.2 that charge transfer resistance at the bulk (Rct, bulk) in the 

composite ZnIn2S4–VS2 (381.1 Ω and 402.7 Ω for dark and light respectively) is much lesser 

than ZnIn2S4 (3615 and 6124 Ω for dark and light, respectively). A similar trend is also 

observed in the charge transfer resistance of the surface states (Rct,trap) which is much lesser 

in the composite ZnIn2S4–VS2 (2.52 x104
 and 1.86 x104 Ω for dark and light, respectively) 
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than in bare ZnIn2S4 (1.67 x106 and 1.32 x105 Ω for dark and light, respectively). The decrease 

in charge transfer resistance in the composite implies a favourable movement of charge 

carriers both in bulk and at the surface states. Moreover, the capacitance of the surface states 

is increased in ZnIn2S4–VS2 (3.69 and 3.66 µF for dark and light, respectively) compared to 

ZnIn2S4 (1.54 and 2.37 µF for dark and light, respectively). Thus the increased activity of the 

composite ZnIn2S4–VS2 could be attributed to the increase in capacitance of the surface state 

in the composite and a reduced charge transfer resistance favouring increased collection of 

hole at the electrode surface favouring an enhanced water oxidation.   

Mott–Schottky curves to determine the flat band potential and donor density is shown 

in Figure 5.11 (D). A positive slope of Mott Schottky curves implies n type conductivity of 

the materials. The donor density is calculated to be 2.01x1022, 2.1x1021 and 1.87x1022 cm-3 

for ZnIn2S4, VS2 and ZnIn2S4–VS2, respectively. The increase in donor density of ZnIn2S4–

VS2 compared to VS2 proves that there is increased number of holes on the surface in 

ZnIn2S4–VS2 than in bare VS2 owing to the Z–scheme charge transfers favoring water 

oxidation. However, the minimal increase in charge carrier density in ZnIn2S4 compared to 

ZnIn2S4–VS2 could be corroborated to the increase in bulk capacitance (Cbulk) in ZnIn2S4 (3.77 

µF) compared to ZnIn2S4–VS2 (2.67 µF). The much higher charge transfer resistance (Rct, bulk) 

prevents in favourable collection of the photogenerated charge carriers resulting in increased 

recombination which ultimately leads to an observation of decreased photocurrent density in 

ZnIn2S4. There is an accumulation of minority carriers in the surface state owing to the 

proposed Z–scheme which is also proved by the increased capacitance of surface states in 

ZnIn2S4–VS2 compared to ZnIn2S4. The flat band potential (Efb) is approximately determined 

by extrapolation of the linear Mott-Schottky plot (Figure 5.11 (D)). The additional charge at 

the surface state produces an increase of the voltage in the dipole layer, which results in an 

apparent anodic displacement of flat band potential of ZnIn2S4–VS2 (0.37 V) compared to 

ZnIn2S4 (-0.9 V) as observed from Figure 5.11 (D). 43 

The J–V curve under continuous chopping of light at an interval of 2 sec is shown in 

Figure 5.12 (A). The light response is considerably increased in ZnIn2S4–VS2 compared to 

ZnIn2S4 which is attributed to the photo responsive behavior of ZnIn2S4 which is considerably 

increased in the composite owing to the reduced recombination and increased flux of electron 

transfer in the composite. 
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Figure 5.12: (A) J-V curve under continuous chopping of light at an interval of 2 sec for 

ZnIn2S4 and ZnIn2S4–VS2 and (B) Equivalent circuit model used to fit the Nyquist plots. 

 

Figure 5.13: Calculated and measured oxygen generated and the corresponding Faradaic 

efficiency (%) at 10 min interval over a period of 60 min for ZnIn2S4–VS2 photoanode under 

1 sun illumination. The electrolyte used for the measurement of oxygen evolution is 0.5 M 

Na2SO4. 

 In order to confirm that the generated photocurrent is due to water oxidation and not 

due to the undesired side reactions or photocorrosion of the electrode, Faradaic efficiency of 

ZnIn2S4-VS2 photoanode was measured as shown in Figure 5.13. Faradaic efficiency upto 
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99% was obtained with an average of 89% indicating that most of the photogenerated charge 

carriers were consumed for water oxidation. 

Table 5.3: Literature Survey of different ZnIn2S4 based systems utilized for photocurrent 

measurements using Na2SO4 electrolyte 

 

 

5.4 CONCLUSION 

In conclusion, we have synthesised ZnIn2S4–VS2 composite for the first time and 

proposed it for a direct Z–scheme mechanism. A better charge separation in the composite 

results in extraordinary increment in photocurrent density of ~ 18 fold compared to bare 

System Electrolyte Photocurrent density  

(μA cm−2) 

Refer

ence 

MoS2/Cu- ZnIn2S4 0.5 M Na2SO4 ~ 2.78 (~ 9 times  improvement) 44 

MoS2/ ZnIn2S4 0.4 M Na2SO4 ~ 0.6 (~ 10 times improvement) 2 

ZnIn2S4–g-C3N4 0.5 M Na2SO4 ~ 0.35 (~ 1.7 times improvement) 45 

2D/2D g-C3N4 @ 

ZnIn2S4  

1 M Na2SO4 ~ 1.5 (~ 3 times improvement)  46 

Carbon dots on 

ZnIn2S4 microspheres 

0.5 M Na2SO4 ~ 0.13 (~ 1.6 times improvement) 47 

ZnIn2S4/TiO2 0.5 M Na2SO4 ~ 800 (~ 4 times improvement) 48 

ZnIn2S4/UiO-66 1 M Na2SO4 ~ 4.5 (~ 2.5 times improvement) 49 

MoS2/ ZnIn2S4 0.2M Na2SO4 ~ 8.43 (~ 1.4 times improvement) 50 

MoS2/ ZnIn2S4 0.1M Na2SO4 ~ 10 (~ 1.3 times improvement ) 51 

MoS2-graphene/ 

ZnIn2S4 

0.4 M Na2SO4 ~ 6.98 (~ 4 times improvement) 52 

RGO on ZnIn2S4 0.4 M Na2SO4 ~ 18 (~ 18 times improvement) 53 

ZnIn2S4-VS2 0.5 M 

Na2SO4 

~ 3 (ZnIn2S4) 

~ 56 (ZnIn2S4-VS2) 

(18 times improvement) 

This 

work 
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counterpart, ZnIn2S4. The significant improvement of photoelectrochemical property was 

further corroborated by the increased charge transfer efficiency and enhanced charge 

collection at the photoelectrode surface in ZnIn2S4–VS2 from EIS experiments. This work 

opens up scope of designing new Z–scheme composite and understanding the charge carrier 

dynamics in photoelectrode contributing to enhanced photoelectrochemical efficiency. 
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Chapter 6 
 

Thesis Overview and Future Scope 

 

This chapter briefly summarizes the overall findings and outcome of this thesis. It also 

highlights few promising prospects which could be carried out in future for further 

improvement of photocatalytic properties.  
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Thesis Overview: 

 The present thesis describes the development of multinary sulfide based 

semiconductor materials for utilization as efficient photocatalysts for water 

reduction/oxidation or dye degradation. The bare sulfide semiconductor materials are 

modified basically by adopting the strategy of heterojunction formation with other suitable 

photocatalyst materials for efficient separation of photogenerated charge carriers which is one 

of the prime condition to be satisfied by a semiconductor for efficient photocatalytic activity. 

Besides, the heterojunctions also show visible light absorption, high surface area due to the 

hierarchical morphology of the components and an increased number of active sites due to 

co–catalyst loading which further supplements enhanced photocatalytic activity. A detailed 

mechanistic insight of the favouable charge carrier dynamics in these model systems were 

carried out by several experimental techniques which proves as a scope of understanding the 

mechanism of similar heterojunctions with enhanced activity. In Chapter 1, we have 

discussed the basic principles of photocatalytic processes and have given an overview of the 

recent progress of sulfide based semiconductors in these field. Chapter 2 describes all the 

synthesis and characterisation techniques along with the adopted photocatalytic evaluation 

parameters. Chapter 3, 4 and 5 consists details of the work carried out and included in this 

thesis. The summary of each chapter is given below. 

In Chapter 3 we have utilised a quaternary semiconductor, Cu2ZnSnS4 and modified it by 

making a heterojunction with a cocatalytst, MoS2. The components have a favourable band 

alignment for the photogenerated electrons in Cu2ZnSnS4 to be transferred to MoS2, which 

being a highly active co–catalyst material provides active site for water reduction to generate 

H2 efficiently. Both Cu2ZnSnS4 and the composite Cu2ZnSnS4–MoS2 were studied for 

photocatalytic H2 generation and degradation of a pollutant dye, Rhodamine B. It is observed 

that the activity of photocatalytic H2 production is ~ 20% higher in the composite than in the 

bare counterpart. The rate of degradation of Rhodamine B dye is also observed to be almost 

twice in the composite than in bare Cu2ZnSnS4. The increase in the rate of photocatalytic 

activity is due to the efficient separation of photogenerated charge carriers in the composite. 

Further, experiments were also carried out to determine the active species involved in the dye 

degradation process by using various active species scavengers. Hydroxyl radical (OH•) was 

found to be the active species in controlling the kinetics of the dye degradation. 
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In Chapter 4 we present a noble–metal free ternary hierarchical composite of Cd0.5Zn0.5S 

intercalated with g-C3N4 sheets and loaded with a co–catalyst, MoS2 for an excellent 

photocatalytic activity owing to its enhanced interfacial charge transfers leading to a reduced 

photoinduced charge carrier recombination for efficient H2 generation as well as degradation 

of an organic pollutant, Rhodamine B dye. The binary and ternary composite reveals an 

enhancement in the yield of H2 production by ~ 120% (Cd0.5Zn0.5S–g-C3N4) and ~ 197% 

(Cd0.5Zn0.5S–g-C3N4-MoS2) compared to bare Cd0.5Zn0.5S. Taking Rhodamine B dye as a 

model system, it is observed that the rate of degradation is much higher in Cd0.5Zn0.5S–g-

C3N4–MoS2 in comparison to Cd0.5Zn0.5S and Cd0.5Zn0.5S–g-C3N4. Active species trapping 

experiments confirmed that O2
•− is the main active species in the photo–oxidation of the dye. 

An extensive study of the mechanism of charge transfer in the composite was carried out by 

several instrumental techniques like XPS, PL, TRPL etc. The charge carrier dynamics as 

established by various experimental analyses confirms the favourable charge transfer 

pathways in the composite owing to the suitable band alignment which contributes to the 

increased availability of photogenerated electrons in the composite, preventing 

recombination. 

In Chapter 5 we have designed a composite of ZnIn2S4 with VS2 to form a novel direct Z–

scheme and studied its photoelectrochemical properties. The composite shows a significantly 

improved (~ 18 fold) photocurrent over bare counterpart, ZnIn2S4. ZnIn2S4–VS2 is 

experimentally proven to form a direct Z–scheme heterostructure which leads to efficient 

separation of photogenerated electron–hole pair. A thorough investigation of dynamics of 

charge transfer in the composite is carried out by EIS experiments. The intrinsic electronic 

charge transport properties in the bulk and interface of the photoelectrode obtained from the 

EIS data proves a favourable movement of charge carriers both in bulk and at the surface 

states in the composite leading to an enhanced photocurrent. Also, a slow kinetics of charge 

transfer through the surface states is observed which leads to dark current providing 

significant current contribution even in the absence of light. 
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Future Scope: 

 We have observed that the research findings in this thesis work provides an ample 

scope for design and development of heterojunction photocatalysts based on suitable band 

alignment, and offers detailed understanding of the charge transfer mechanism in the 

heterostructure. However, there is still scope for further extension of this research work. Few 

of the research scopes for future study might be as follows: 

 In order to prevent from the intrinsic drawback of photocorrosion, sulfide 

photocatalysts can be made composite with oxide materials with layered structure  or 

integrated with a protective layer of oxide materials 

 Being polymorphic in nature, sulfide based semiconductors can be studied for their 

phase dependent photocatalytic activities 

 Another scope of study is the control of crystallinity in sulfide materials in order to 

prevent defect states which act as recombination centers 

 As sulfide materials have several defect/trap states, a deeper understanding of the 

defect properties of these compounds would be useful to prepare materials with high 

quality suitable for photocatalysis 

 Combining sulfide based semiconductors with electro catalytic materials for use in 

photoelectrochemical process 

 Utilisation of these optimised semiconductor photocatalysts along with suitable 

counter electrode materials to form tandem cell for photoelectrochemical water 

splitting 
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