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 The thesis entitled “Synthesis of Metal, Semiconducting Metal Oxide and Sulfide 

Nanomaterials for Catalysis and Photocatalysis” deals with the synthesis of semiconductor 

nanostructures for the rapid developments in science and engineering that are evolving at a very 

fast pace in the field of nanoscience and nanotechnology. The synthesized nanomaterials were 

used in different applications such as photocatalysis and electrocatalysis. First chapter of the 

thesis describes a literature overview about the fundamentals of semiconductors, hybrid 

nanostructures, metal nanoparticles, properties, and applications of nanomaterials. Additionally, 

the chapter describes the history of nanoscience and various synthetic method used for the 

synthesis of nanomaterials. Overall, the background of the present research work has been 

explained in this chapter. Second chapter of the thesis gives a brief account of the chemicals, 

methods, and instrumentation techniques are used to furnish the whole thesis work. Chapter three 

delineates the synthesis of zinc oxide nanoflower in alkaline medium via hydrothermal route 

using CTAB surfactant. The synthetic strategy also involves the preparation of ZnO/Au and 

ZnO/Ag by depositing silver and gold nanoparticles on nanoflower using hydrazine hydrate as a 

reducing agent. The comparative efficiency and reusability of ZnO/Au and ZnO/Ag for the 

methylene blue and phenol degradation under irradiation of visible and UV light have been 

presented in the chapter. Chapter four demonstrates the synthesis of cone and dumbbell-shaped 

ZnO nanoparticles on the surface of graphitic carbon nitride (g-C3N4) using 

hexamethylenetetramine and ammonia as hydrolyzing agents. The control experiments were 

performed to clarify the different morphologies. The visible light activity and recyclability of the 

as-prepared semiconductor heterostructure have been explored by degradation of phenol and 

methylene blue pollutants. Chapter five provides insight into the synthesis of both mono- (Au 

and Pd) and bimetallic (AuPd) nanoparticles using photoexcited electron of carbon nitride 

quantum dots via the photochemical routes. The synthetic procedure eliminates the necessity of 

any extra stabilizer or reducing agent. To explore the catalytic activity of mono- and bimetallic 

nanoparticles, the reduction of 4-nitrophenol with excellent performance has been investigated. 

Chapter six depicts decoration of porous MoS2 nanostructures on g-C3N4 surface, results in the 

formation of MoS2/g-C3N4 heterostructure. The use of MoS2/g-C3N4 in electrochemical 

hydrogen evolution reaction and rhodamine B dye degradation in solar light has been studied in 

this chapter. The study presents an efficient and cost effective transition metal-based 

heterostructure for hydrogen evolution reaction. Chapter seven embodied preparation of 
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semiconductor hybrid hollow nanostructure of ZnO/ZnS and its catalytic application for 

adsorptive dye removal involving three dye molecules, methylene blue, rhodamine B and 

malachite green. The synthetic procedure involves ‘Kirkendall effect’ which has been explained 

in detail in the chapter. Finally, the last chapter summarizes the main results obtained from the 

study of different semiconductor metal oxide and sulfide nanomaterials. Future avenues and 

directions using new semiconductor metal oxide and sulfide nanocomposites are also discussed. 

 

Keywords:  Hybrid nanocomposite, heterostructure, photocatalysis, hydrogen evolution, quantum 

dots, photochemical route, Kirkendall effect.  
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Chapter 1 

 

Introduction and Future Scope 
 
 

 This chapter contains the insights of the thesis and summarizes the different 

aspects of nanomaterials in terms of its properties, applications, and modes 

of synthesis.  

 The chapter emphasizes the band theory, type of materials, semiconductor 

nanoparticles and highlights their significance in the field of catalysis.  

 The motivation towards the thesis has been presented in the chapter. 

 

 

 

 

 

 

 

 



 



Introduction                                      Chapter 1                                                                          
 

Ph.D. Thesis Page 1 
 

1.1 Nanoscience and Nanotechnology: The Perspective  

 

 Everything, when miniaturized to the sub-100-nanometer scale has new properties in 

spite of what it is. Based on the lecture of Richard Feynman at an annual meeting of the 

American Physical Society at Caltech, called as “There's Plenty of Room at the Bottom”, the 

concepts and perceptions behind nanoscience and nanotechnology has been started [1-4]. The 

word “nano” originates from the Greek word ‘dwarf’, which means something very small. As a 

prefix for a unit of time or length, it means one billionth of that unit i.e. a nanometer or 10
-9

 

meter. Nature has been executed various assemblies at nanoscale very well in the creation of the 

complicated molecular machinery that supports the life of human being on earth such as DNA 

helix (2 nm), water spheres etc. Over more than a decade, Nanoscience and Nanotechnology are 

being emerged, and scientists have done dynamic research in the area. It has become a buzzword 

among science and technology circles and comes to a level of maturity where the scientific 

community has observed an explosion of interest and investment in the field of nanoscience and 

nanotechnology. There is a fundamental difference between both the terms. Nanoscience is the 

study of objects at ~ 1-100 nm scale in one of the dimension, whereas, nanotechnology is the 

technique to devise and organize objects on ~ 1-100 nm scale with the aim of fabricating novel 

materials with specific chemical and physical properties and, consequently, functions [4-8]. 

Hence, it is justified that nanoscience is a prerequisite to nanotechnology and should obtain long-

term elementary support. 

 The current nanotechnology research is primarily focused on the benefits and 

applications of nanotechnology for the human being. However, incessant efforts have been made 

to fabricate, analyze and explore novel nanomaterials by many researchers all over the world. 

Nanomaterials now emerged as one of the focal points of modem research because they are 

probably used in diverse applications depends upon their exceptional optical, electrical, 

biological, mechanical, magnetic, and catalytic properties [1-6]. The fascinating world of these 

nanomaterials and their manifold applications becomes part of our life. The issue ultimately is 

what “nanoscience and nanotechnology” do and what potential does it have to improve our lives? 

In what follows, these questions will be addressed in an expansive overview of the present state 

of the field. 
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1.1.1 The Origin of Nano 

  

 The origin of nanotechnology could be argued to have their roots in the fourth century 

AD in the Lycurgus cup shown in Figure 1.1.a which is made from a glass impregnated with 

nanometre-sized gold (about 40 parts per million) and silver (about 300 parts per million) 

particles that give rise to its famous dichroic effect. The glass contains 70 nm particles as seen in 

the transmission electron micrograph. Later, nanotechnology was used extensively by the 

medieval craftsmen who produced the stained glass by mixing gold chloride into the molten 

glass which embellished many of Europe’s cathedrals. The diameter of tiny, uniformly sized 

gold spheres was found 50 nm which impart the deep ruby-red color [1-3]. “Damascus Sword’ 

containing the nanoscale carbon particles is also a paradigm of the use of nanoparticles in ancient 

time (Figure 1.1.b) [4]. In 1857, Faraday demonstrated the synthesis of colloidal gold and called 

it “divided state of gold”, the solutions are preserved in Royal Institution (Figure 1.1.c) [1-2]. 

 

 

 

Figure 1.1 Uses of the nanomaterials in prehistoric times a. The Lycurgus Cup, b. 

Damascus Sword and c. Michael Faraday’s gold colloid preserved in Royal Institution 

(http://www.thebritishmuseum.ac.uk) 

 

 The anticipation of many of the potential benefits of nanotechnology was highlighted in 

the Feynman’s lecture [5-8]. The formal term ‘nanotechnology’ was defined in the mid-1970s by 

Norio Taniguchi as ‘it is the processing by which materials are separated, consolidated, and 

deformed by one atom or one molecule’ [9-11]. Subsequently, this basic definition was explored 

in greater depth by Eric Drexler, who vigorously endorsed the technological significance of 

nanoscale phenomena and devices [2,3]. 
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1.1.2 Nanomaterials: Different from Bulk Materials 

 

 The physical properties exhibited by materials in micrometer scale are generally 

analogous to that of the bulk form; yet, materials in the nanometer scale display distinctively 

different properties from their bulk counterpart. The origin of special behavior of nanomaterials 

from their bulk counterpart can be attributed with two important factors, first, surface to volume 

ratio and second, quantum size effect [7-12]. The changes in the surface to volume ratio at 

nanoscale lead to the change in the properties of nanomaterials. The electronic configurations of 

nanoscale materials are also different from bulk and show different optical and electrical 

properties. The tailoring in the dimension of the nanomaterials results in the formation of 

discrete energy levels unlike to the continuous energy bands in bulk materials, called as quantum 

size effect shown in Figure 1.2 [12]. The Figure shows that due to the decrease in confining 

dimension of the particle, discretization of energy levels found and this widens up the band gap 

and consequently increases the band gap energy. The energy shift can be derived by E = 

n
2
h

2
/8ma

2
, where, n = principle quantum no., h = Plank’s constant, m = effective mass and a = 

length, which clearly shows that energy is reciprocal with a dimension of the particle. This 

causes a spectacular alteration in size and shapes dependent properties such as electrical, 

thermal, mechanical, magnetic, and optical properties [5-9]. 

 

 

 

Figure 1.2 Discretization of electronic energy levels (quantum size effect) with the variation 

in size 
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1.2 Synthetic Methods 

 

 Nanomaterials are synthesized using two different routes: top-down or physical and 

bottom-up or chemical [14-25]. 

 

 

 

Figure 1.3 Top-down (or physical) and bottom-up (chemical) approaches for the synthesis 

of nanomaterials  

 

1. Top-down approach: This is a physical approach, where the bulk material or constituent 

material is taken from which nanomaterials are synthesized. The “top-down” approach is a 

traditional method for the fabrication of nanoscale materials, suggested by Feynman in his 

lecture in 1959 [1-3]. It begins with the bulk piece of material (macroscopic), which gradually or 

step-by-step reduced to form objects in the nanometer-size regime (~10
-9

 m) shown in Figure 

1.3. These methods are very effective for the production of large quantities of materials. 

However, the principal problem with this process is the large particle size variation. Various top-

down approaches are used for the synthesis of nanomaterials, such as lithography, anodization, 

high-energy ball milling, inert gas condensation, arc discharge, wire explosion, ion sputtering 

and ion- and plasma etching (PE) etc. [7-12]. 
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2. Bottom-up approach: This is a chemical approach of synthesis that initiates with metal ions, 

leading to the formation of nanostructures shown in Figure 1.3. The method comprises of 

miniaturization of the materials up to atomic level. Atoms are formed from ions, generally in 

solutions, and they are assembled to large nanostructures. Michael Faraday was the first used 

bottom-up technique to study the formation of gold sols using red phosphorus as a reducing 

agent to reduce the [AuCl4]
-
 ions. Some examples are commonly encountered such as chemical 

reduction, hydrothermal synthesis, solvothermal synthesis, photochemical synthesis, 

electrochemical synthesis, thermolysis, sonochemical routes, micelles and microemulsions, 

interfacial synthesis, biological methods, hybrid methods, solvated metal atom dispersion, and 

arrested precipitation [7-9]. In recent times, significant effort has been made for the synthesis of 

surface modified nanoparticles of several metal oxides. Many synthetic approaches are available 

for the synthesis of metal oxides, such as microwave refluxing [13], sol-gel [14], hydrothermal 

[15], wet-chemical [16-17], co-precipitation [18], and spray pyrolysis [19-20] etc.  

 Our research work mainly focuses on the wet chemical synthesis of metal, metal oxide 

and sulfide nanoparticles which includes hydrothermal, solvothermal, and co-precipitation 

methods. 

 

1.2.1 Hydrothermal Synthesis 

  

 The synthesis takes place in an autoclave which is a pressurized vessel where the 

temperature can be increased above the boiling point of water, and the pressure up to the vapor 

pressure. Hydrothermal synthesis is extensively utilized to synthesize various metal oxide and 

sulfide nanoparticles. In this method, hydrothermal treatment of metal precursor in aqueous 

medium takes place [14-18]. This synthetic approach is helpful to control the size, morphology, 

crystalline phase and surface chemistry of the particle via regulating the solution composition, 

temperature and pressure of reaction, solvent properties, additives and aging time [15-17]. 

 

1.2.2 Low-temperature Wet-chemical Synthesis or Precipitation Method 

  

 Another conventional technique to prepare metal oxide and sulfide nanoparticles is the 

precipitation method. In this process metal salts such as ZnCl2, ZnSO4, and Zn(NO3)2 can be 

used to synthesize ZnO [15-16]. The metal salt is dissolved in a solvent and the corresponding 
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hydroxide precipitated via addition of a base solution such as ammonium hydroxide, 

hexamethylenetetramine (HMT), or sodium hydroxide. To achieve metal oxide, the chloride 

salts, i.e. NaCl or NH4Cl, are washed carefully and the remaining hydroxides are calcined [14-

18]. In the same solution, different metal oxide composites also can be synthesized via co-

precipitation of the different metal hydroxides. Using this synthetic procedure it is very hard to 

control the particle size in a desirable dimension [20-23]. 

 

1.2.3 Solvothermal Method 

  

 The solvothermal method is similar to the hydrothermal technique excluding the use of 

water as solvents. Various nanoparticles with narrow dimensions have been synthesized using 

this approach in organic solvents with high boiling points. The method is used to control 

dimensions, shape, crystallinity, and to synthesize metal oxide and sulfide nanoparticles with or 

without the accumulation of surfactant additives [19-23]. 

 

1.3 Stabilization of Nanoparticles 

  

 Stability is one of the important factors that determines the potential application of the 

nanoparticles. Stability of nanoparticles especially as dispersion can be achieved by two methods 

(I) Electrostatic stabilization 

(II) Steric stabilization (using ligand/surfactants) 

 One of the significant characteristics of nanoparticles is their small size. Synthesis of 

smaller size metallic nanoparticles without the addition of a stabilizer is unstable and aggregated 

towards bigger particle as shown in Figure 1.4. The figure shows that the presence of stabilizer 

confines the particle in the nanometer scale and after complete growth stabilizer restricts the 

nanoparticles to get agglomerate. If the stabilizer is not added in the reaction it leads to the 

formation of bigger particles and due to this agglomeration the properties of nanoparticles linked 

with the colloidal state of these small-size metallic particles will lose.  

 Numerous reports already exist on the stability of colloids and nanoclusters [23-30]. The 

van der Waals forces of attraction exist between two metallic nanoparticles due to a shorter 

distance. The presence of a repulsive force is required to oppose the attraction force and to 

restrict the aggregation of colloidal particles. The repulsive force can be induced by the addition 
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of stabilizer which is essential to synthesize small-size nanoparticles. The stabilization strategies 

of colloidal materials have been illustrated in Derjaguin-Landau-Verwey-Overbeek theory [27-

28]. The stabilization of Nanoclusters is frequently discussed in terms of (i) charge stabilization 

(ii) steric stabilization (iii) the combination of steric and charge stabilization with the 

electrostatic stabilization such as surfactants, and (iv) the stabilization using ligand [26-31]. 

 

 

 

Figure 1.4 The role of a stabilizer to stabilize the nanoparticles, stabilizer restricts particle 

size in nanometer length scale 

 

1.3.1 Electrostatic Stabilization 

  

 The aqueous solution of ionic compounds like halides, carboxylates, or polyoxoanions 

can generate the electrostatic stabilization. When more than one molecule or ion comes closer to 

the nanoparticles, the system becomes more complex. For example, if two adsorbates having 

similar charge approached nanoparticles from opposite sides, according to basic algebra the 

overall dipole moment decreases to zero and it increases if adsorbates have the opposite charge. 

When ions having positive and negative charge approach the metal particles, it induces δ+ and δ- 

image charge on the surface shown in Figure 1.5 and due to these charges the particle acquire 

multiple moments [32-33]. The cations and anions are of different chemical nature and thus have 

distinct interactions with the metal sphere. Generally, the surface of metal is surrounded by one 

kind of ions and counterpart is present as a shell. Therefore, as long as the number of ions 

surrounding the nanoparticles is lesser, a single ion strongly interacts with the neutral metal 

particles. The metal nanoparticle interaction with cation and anion is different and this results in 

the formation of a double layer with oppositely charged ion’s. This double layer creates the 

repulsive forces between two vicinal nanoparticles [27,31-32]. It is noteworthy that the change in 
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the magnitude of the dipole moments can be employed to control the agglomeration and re-

dispersion of the corresponding nanoparticles [32-35].  

 

 

Figure 1.5 Schematic representation of (a) Coulomb repulsion between partially charged 

metal particles and generation of electrostatic stabilization and (b) dipole-dipole interaction 

between neutral metal spheres 

 

1.3.2 Steric Stabilization 

  

 The aggregation of metal colloids can also be prohibited using macromolecule stabilizers 

such as polymer or oligomer [35-36]. These molecules get adsorbed on the particle surface and 

create a protective layer around the particle as shown in Figure 1.6. However, the width of the 

protective layer can be affected by length and nature of macromolecules. By visualizing the 

interaction of two metallic colloids the stabilization strategy in presence of large adsorbed 

molecules can be elucidated. The movement of adsorbed molecules will be hindered in 

interparticle space and the entropy will reduce and free energy will increase. The steric 

stabilization is mainly used in organic or aqueous phase [35-38]. 

 

 
 

Figure 1.6 Steric stabilization: elongated molecules adsorbed via anchoring centers hinder 

nanoparticles from close contact 
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1.3.3 Electrosteric Stabilization 

  

 The materials, which are ionic, strongly adsorbed on the surface of metal particle and 

assemble the concept of steric and electrostatic stabilization simultaneously, used to sustain the 

stability of metallic nanoparticles in the solution [7,12]. Generally, ionic surfactants bearing 

polar head group and lipophilic side chain provide this type of stabilization. The polar head 

group produces electrical double layer and a non-polar side chain offers steric repulsion. 

Polyoxoanions such as the couple ammonium (Bu4N
+
)/polyoxoanion (P2W15Nb3O62

9-
) also 

provides the electrosteric stabilization and prevent the agglomeration of the nanoparticles in the 

solution [39]. 

 

1.3.4 Stabilization by Ligand or Solvent 

  

 When the traditional ligands are used to stabilize the transition metal colloids, it is termed 

as ligand stabilization. The ligands like phosphene (‒PH2), thiols (‒SH), amine (‒NH2), carbonyl 

(=CO) etc. coordinate with the transition metal nanoparticles and stabilize it [40-44]. Amiens and 

co-workers reported the selective synthesis of Pt and Pd particles using carbonyl and phosphines 

ligands as a stabilizer [40]. Vidoni et al. reported the synthesis of Ru nanoparticles using organic 

solvents without adding any additional steric or electrostatic stabilizers [41].  

 

1.3.4.1 Ligand as a Shape and Size Directing Agent for Nanoparticles 

  

 Ligands are also known to direct the shape of nanoparticles leading to the formation of 

anisotropic nanoparticles. Murphy and co-workers have extensively synthesized gold nanorods 

of different aspect ratio using a method called ‘seed-mediated method’. The same group also 

concluded that CTAB (Cetyltrimethylammonium bromide) is the most suitable surfactant for the 

formation of gold nanorods and nanowires [42-44]. Detail study on the role of CTAB in 

nanorods and wires synthesis can be shown in Figure 1.7. CTAB has CTA
+
 head group and a 

non-polar tail. The head group CTA
+
 binds to the surface of nanorods preferentially and this 

binding is based on the steric stabilization. In the nanorod of Au atom, the side face {100} 

spacing is more equivalent to the CTA
+
 head group in contrast to the spacing of close-packed 

{111} face of gold, at the end. Hence, this binding preferentially stabilizes the side faces. This 
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face has comparatively large surface energy and stress than other faces [43-47]. 

 

 

 

Figure 1.7 Preferential binding of CTAB on (100) and (111) surface of gold nanoparticles 

  

 Detailed investigation of the formation of different shapes on nanoparticles has been 

carried out by Sau and co-workers [45-46]. Methods like preformed-seed-mediated growth, high-

temperature reduction, spatially confined medium/template approach; electrochemical synthesis, 

photochemical and biosynthesis which result in different anisotropic nanoparticles in presence of 

various ligands have been demonstrated [45-51]. They have concluded that surfactants and 

ligands play a major role to govern the shape of nanoparticles [52-54]. 

 

1.3.4.2 Surface Plasmon Resonance 

 

 In nanomaterials the absorption band results when the incident photon frequency is 

resonant with the collective oscillation of the conduction electrons and is known as the localized 

surface plasmon resonance (LSPR). The resonance frequency of the LSPR is highly dependent 

upon the size, shape, dielectric properties, and local environment of the nanoparticles [56]. The 

creation of a surface plasmon oscillation is shown. The electric field of an incoming light wave 

induces a polarization of the (free) conduction electrons with respect to the much heavier ionic 

core of a spherical nanoparticle. The positive charges in the particle are assumed to be immobile 

and the negative charges, that is, the conduction electrons, move under the influence of external 
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fields. Therefore, a displacement of the negative charges from the positive ones occurs when the 

metallic nanoparticle is placed in an electric field, that is, there results in a net charge difference 

at the nanoparticle boundaries. This, in turn, gives rise to a linear restoring force to the system. 

As a consequence, a dipolar oscillation of the electrons is created (within a particular time 

period), and this is known as the surface plasmon oscillation. The metallic nanoparticles show 

this SPR phenomenon when interacted with the electric field of incoming light. 

 

1.3.5 Applications of Nanomaterials 

  

 The fields where nanoparticles are used to have a wide spectrum. Nanoparticles are 

extensively used in advanced materials, pharmaceuticals, environmental detection, and drug 

sciences [7-9]. Nanoparticles are being used in catalysis, sensors, electronic devices, 

photocatalysis, optics, data storage, surface enhanced Raman spectroscopy substrate etc.  

Nanoparticles also applied in surface coating, construction of scratch-proof eyeglasses, crack- 

resistant paints, anti-graffiti wall coatings, visible sunscreens, stain-repellent fabrics, and ceramic 

coatings in solar cells. Nanoparticles are also used in ultra-fine wiring, efficient solar cell, doping 

for metal, ceramic, epoxy-material, fiber, semiconductor etc. and coating for surfaces of glass, 

lance, film, electrode etc. purposes [55-60]. 

 

1.4 Classification of Materials 

  

 On the technical ground, materials can be classified as metals, semiconductors, 

insulators, ceramics, glasses, composites, biomaterials, polymers, etc. On the basis of the 

capacity to conduct current, the materials are categorized as conductors, insulators and the 

semiconductors, shown in Figure 1.8. The conduction of current depends upon the forbidden gap 

present between valence and conduction band. The details about conduction band, valence band, 

and forbidden gap have been elucidated in the band theory section. 

1. Conductors: In conductors, conduction and valence bands overlap with no forbidden gap or 

energy gap. Thus a large number of free electrons are available to conduct the electrical current 

at room temperature. Examples are metallic copper, aluminum, gold, silver etc. 

2. Insulators: A large energy gap (> 9 eV) is found between the conduction band and valence 
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band. Practically, it is not feasible for an electron to move from the valence to conduction band 

by crossing this large energy gap. Hence, such materials cannot conduct electricity and called 

insulators. If the high voltage or high-temperature conditions have been applied, the insulator 

also can conduct electricity. For example diamond, plastics, glass, paper, rubber, wood, mica, 

etc. 

 

 

 

Figure 1.8 Type of materials on the basis of the energy gap between valence and conduction 

band 

 

3. Semiconductors: The narrow band gap (~1.1 eV) materials as shown in Figure 1.8, called 

semiconductors. The conduction of electricity is possible in such materials after the absorption of 

energy. The adequate energy is provided to semiconductors at room temperature so that electrons 

can move from the valence to the conduction band. Example: silicon, germanium etc. 

 On the basis of the charge carrier semiconductors can be classified into two types: p and 

n-type. The charge carried by p-type is positive, and n-type is negative. The larger hole 

concentration is found in p-type, while the larger electron concentration is present in n-type.  

 

1.4.1 Band Theory 

 

In molecules there are two types of energy bands are present, fully occupied or bonding 

orbital (σ-band) and empty or antibonding orbital (σ*-band). The valence band is the result of 
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bonding orbital, while an anti-bonding orbital form the conduction band of the molecule. The 

thickness of an individual band is called bandwidth. The valence band (VB) signify the highest 

occupied molecular orbital (HOMO) and the conduction band (CB) characterize the lowest 

unoccupied molecular orbital (LUMO) of a molecule [60]. Likewise, the gap between the 

HOMO and LUMO is called band gap or energy gap or forbidden gap (Eg). This band gap shows 

the energy which is necessary for the electrons to cross the energy gap. The level of electrons in 

a material at absolute zero temperature is called the Fermi level, also termed as occupied highest 

energy state [61]. In a p-type semiconductor, there is an increase in the density of empty energy 

states. Thus, more electrons can be accommodated at lower energy states means Fermi level is 

lower and close to VB. In an n-type semiconductor, the density of filled energy states increased 

and thus, electrons have to be accommodated at higher energy levels and Fermi level is present 

closer to CB. According to the atomic and molecular orbital theory, the electronic properties of 

metals, semiconductors, and insulators can be determined by the energy band gap as shown in 

Figure 1.2 and 1.8 [62-63].  

Electrons must have a certain energy to occupy a given band and require extra energy to 

move from the valence band to the conduction band. Furthermore, the bands should be partially 

filled to conduct electricity, as empty and fully occupied bands cannot conduct the electricity. 

Due to the presence of partially filled energy bands and a number of free electrons metals are 

conductors. Owing to the existence of completely filled or empty energy levels material become 

insulators. However, in the semiconductors, the electricity can be conducted by the absorption of 

energy which leads to the wide variety of the application of semiconductors.  

 

1.4.2 Semiconductor Nanomaterials 

  

 Semiconducting materials have band gap (> 0 eV and < 4 eV) and electrical conductivity 

(10
2
 Scm

-1
 - 10

-9
 Scm

-1
) at room temperature. Semiconductors occur in many different chemical 

compositions in a variety of crystal structures. They are classified as elemental semiconductors 

(Si, Ge, Se) and compound semiconductors (GaAs, ZnO, CdS, ZnS, MoS2) based on their 

constituent elements [64]. Some manifestations of semiconductor technology can be easily seen 

in daily life appliances such as radio, television, electronic balance, video games, smartphones, 

watches, CD player, stereo, computer, digital lights, calculator, diagnostic equipment, 
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refrigerator, security devices, toys and many more [ 64-65]. 

 

1.4.3 Electronic Structure of Semiconductor  

 

To understand the electronic structure of a semiconductor, it is essential to elucidate some 

fundamental definitions. There are four quantum numbers, n (principal electron shell), l (s, p, d, 

and f subshells), ml (number of orbitals and orientation within each subshell) and ms (electron 

spin, +1/2 and −1/2) used to illustrate the movement and trajectories of each electron within an 

atom. When two isolated atoms get close to each other, their electric fields start to interact and 

cause a splitting of the energy levels. Each original energy level splits into two, one is higher and 

other one is lower. Wolfgang Pauli in 1925 stated that no two electrons in an atom, molecule or 

crystal can have the same values of all four quantum numbers, simultaneously referred as Pauli 

Exclusion Principle [7-10]. A solid material consists of a large no. ‘N’ of atoms. When N atoms 

are brought in close proximity the energy levels that were indistinguishable in isolation, split into 

N closely spaced but discrete energy levels [64-68].  

 

 

 

Figure 1.9 Electronic band structures in a semiconductor when the number of N increases 

from one to more than 2000 

 

Figure 1.9 demonstrates the modification of energy levels in a semiconductor compound 
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as the number N varies from one to more than 2000 units [67-68]. The large no. of closely 

spaced energy levels present when N increases and set of that closely spaced energy levels form 

“electronic energy band”. In case of a semiconductor, N becomes much higher (>2000) so a 

continuum of energy states forms and two types of distinguished energy band found i.e. the 

conduction band and the valence band. There is a region between both the levels called as 

“forbidden band” represents that energy states only exist above and below this gap. 

 With reference to the energy levels of an electron, the higher energy level is identified as 

conduction band and lower energy level is termed as valence band. The energy difference 

between both the bands is called “band gap (Eg)”. In case of semiconductor materials, the 

valence band is completely filled with the electrons and conduction band is vacant. Upon 

excitation with a source of energy the electrons in lower energy valence band move into the 

conduction band. The absorption of the energy depends upon the band gap of the semiconductor. 

According to the difference in the band gap of each semiconductor, the energy required for the 

electron to move from valence to conduction band is also different. The effect of the size of the 

material on the band gap of a semiconductor can be explained by the quantum size effect, which 

is explained in Figure 1.2. This effect is basically due to changes in the atomic structure when 

the material is of sufficiently small size - usually from 1 to 25 nm for typical semiconductor 

groups of IV, III-V and II-VI. In which the spatial extent of the electronic wave function is 

comparable with the dimension of the particle. The phenomenon results from geometrically 

constraints of electrons and holes into a dimension that is near to Bohr exciton radius which 

causes unique size depended on properties and increase the band gap [6-9]. Semiconductor 

nanoparticles demonstrate distinctive size-dependent properties (explained in Figure 1.2) that 

modify its photochemical, photophysical, optical, and electrochemical responses [60-68]. Charge 

carrier generation, retardation, retention, and transfer between a semiconductor interface are also 

affected [67-68]. Both the large (e.g., ZnO, ZnS, TiO2, SnO2
 
and WO3), and lower bandgap 

semiconductor (e.g., CdSe, CdS, g-C3N4), display the diverse optical, electrical and physical 

properties [14-16,64-70]. 

  

1.4.4 Semiconductor Heterostructures 

  

 Recently, Semiconductor heterostructures have become a cornerstone in applicative and 
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fundamental researches in the field of catalysis. A structure consists of two or more than two 

kinds of semiconductors with unique electrical properties and suitable band alignment is called 

heterostructure. As shown in Figure 1.10, depending on the band offsets of the two 

semiconductors, the heterostructure is of three types, straddling alignment (type-I), staggered 

alignment (type-II) and broken alignment (type-III) [69-72].  

 

 

 

Figure 1.10 Type I, II and III of semiconductor heterostructures according to their band 

alignment design 

 

 Type-I and type-II alignments are useful for photon energy conversion. Three properties 

which established the heterostructure and movement of charge carrier at a heterojunction are 

known as band gap, electron affinity, and work function. The band-alignment design of a 

semiconductor also depends on the difference between the electron affinities (χ1 and χ2) of both 

the semiconductors shown in Figure 1.10. The heterostructure is generally adopted for three 

significant reasons: to promote the dissociation of photogenerated charge carriers (electron and 

hole), to facilitate the successive collection and to separate the excitons at the interfaces of two 

semiconductors to minimize charge recombination [69-74].  

 

1.5 Applications of Semiconductor Nanomaterials 

  

 The semiconductor nanomaterials have used extensively in nanoelectronics, 

nanophotonics, fabricate computer chips, energy conversion, optics, sensors, imaging devices, 

solar cells, catalysis, detectors, photography, diodes, biological sciences etc. [75-79]. Our main 
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goal is to apply the as-synthesized semiconductor material for the photo and electrocatalysis 

application. 

 

1.5.1 Catalysis  

  

 Catalysis can be described as the phenomenon where the rate of a process or reaction 

accelerated due to the participation of an extra material called catalyst, usually present in small 

quantities. Catalysts interact with the reactants in several ways which vary from providing a 

surface for the reaction to occur. Catalyst also offers an alternative path way for the reaction with 

lower activation energy thereby allowing reaction to occur at conditions which have been 

previously not favorable for the reaction. A catalyst doesn’t have any effect on thermodynamics 

and equilibrium composition of a reaction; it only affects the rate of reaction.  

  

 The key property of a catalyst lies in the fact that despite interacting with the reaction the 

substance returns to its original state at the end of the reaction which allows it to catalyze the 

subsequent reactions as well. The catalyst is vital not only to the chemical industry but also to 

daily life itself.  

 

1.5.2 History 

  

 The industrial catalyst technology begins in 1875 when a platinum catalyst has been used 

for large-scale production of sulfuric acid. In following years, a variety of major catalytic 

processes have been discovered. In 1903, Ostwald did ammonia oxidation on Pt gauge for nitric 

acid production. The development of iron catalyst during ammonia synthesis has been reported 

by Mittasch, Bosch, and Haber in 1908-1914. A major development in the energy zone has come 

in 1920-1940 with the conversion of synthesis gas to liquid hydrocarbons by hydrogenation of 

CO. Furthermore, the energy scenario has been changed with the development in petroleum 

industry during 1935-1940 [80-84]. 

The finding of Ziegler-Natta catalyst, the polymer industry developed appreciably. In 

1960, the first large-scale industrial homogeneous catalytic process started with the production of 

acetaldehyde from ethylene called Walker process. Furthermore, noble metals have been used as 
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a catalyst to control the emission of environmental pollutants such as CO, NOx, and 

hydrocarbons from automobiles. Vanadia-titania and shape-selective catalyst zeolites were 

developed for the selective reduction of NOx. Moreover, modified noble metal catalysts have 

been used to degrade the environmental pollutants in the recent years which lead to the discovery 

of the catalyst with large efficiency and vast usability. Catalysis is a constantly rising field and 

discovery of new catalysts and their applications in several chemical reactions have led to the 

major advancements in chemical industry [80-84]. 

 

1.5.3 Types of Catalysis 

 

In catalysis it is desirable to fasten the rate of chemical reactions and to recognize the 

mechanism of the reaction. The catalysts are accessible in the form of solid, liquid and gas 

phases. There are largely two types of catalysis in literature, homogeneous and heterogeneous 

catalysis [83-86]. 

 

1.5.3.1 Homogeneous Catalysis 

  

 If reactants and catalyst both are in the same physical state i.e. gas, liquid, or solid, called 

homogeneous catalysis. For example, it can be solubilized in a solvent like water or they may all 

be gases in our atmosphere. Homogenous catalysts generally react with one or more reactants to 

form an intermediate and then react to form the end reaction product, in the process restoring the 

catalyst. 

 

1.5.3.2 Heterogeneous Catalysis 

  

 Heterogeneous catalysts when reactants and products are present in a dissimilar physical 

state. For example, the catalyst may be solid while the reactants and products are in liquid phase. 

In the field of nanoscience, a wide variety of semiconductor nanomaterials have been prepared 

which are used as photocatalysts and electrocatalysts. The heterogeneous photocatalysis is much 

advantageous rather than the other conventional processes, the reasons can be précised as follows 

[85]: 

The ambient temperature and pressure conditions are required to carry out the processes.  
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For these processes, the atmospheric oxygen is used as oxidant avoiding the association of 

any additional oxidizing chemical. The environmental oxygen is a strong oxidant and less 

selective which results degradation of all organic contaminants (dyes, phenols, nitro 

compounds etc.) present in wastewater. 

1. This photocatalysis process is “green and environmentally benign” since the degraded 

products are less toxic.  

2. Low concentration is required for the process because the contaminants are strongly 

adsorbed on the catalyst surface, even in parts per million concentrations. 

3. The catalysts are cost-effective, stable, chemically and biologically inert, easily separable 

and recyclable.  

 By examining all these advantages of heterogeneous photocatalysis which offers an 

economical and efficient substitute to clean wastewater and environmental remediation. 

 

1.5.4 Photocatalysis 

 

1.5.4.1 Background 

 

 Recently, the extensive presence of toxic chemicals such as heavy metals, herbicides, 

pesticides, detergents, arsenic compounds, solvents, degreasing agents, volatile organics, and 

chloro and nitrophenols pose a severe threat to the environment. These chemicals exert harmful 

effects when liberated in the water bodies [86-89]. For instance, effluents from textile industries 

contain azo dyes, phenols, nitrophenols etc. which are less biodegradable and chemically stable 

water pollutants. Chemical structure of a few common dyes is given in Figure 1.11 [89-91]. This 

wastewater causes a severe impact on natural water and land in the surrounding area and also 

cause serious health issues [89-90]. 

  These organic pollutants can be degraded using metal oxides, metal sulfides as a catalyst 

via photocatalysis process. In photocatalysis, light energy is provided to the catalyst to generate 

charge carriers which participate in redox processes. It is a vital chemical approach which is 

extensively used in water or air purification, water splitting reaction and in solar cells [91]. In 

1977, Frank and Bard used titania for cyanide decomposition, which shows interest in 

photocatalysis using semiconductor materials [86]. A range of semiconductor materials are found 

but only a few are suitable for photocatalysis. The semiconductor to be used as photocatalyst for 
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degradation of dye pollutants must be (i) photoactive in UV or visible light (ii) inert and (iii) 

photostable [70-72,92-97]. 

 The wide range applications of a photocatalyst are constrained due to recombination of 

photogenerated charges. In semiconductors also the probability of electron-hole pairing is very 

high [97-101]. For that, it is required to design a semiconductor photocatalyst which can inhibit 

the recombination rate and provide large-scale applications in remediation of pollutants with 

high efficiency. 

 

 

 

 

Figure 1.11 Examples of environmental pollutants (textiles dyes, phenols, and nitro 

compounds) 

     

1.5.4.2 Water Pollution and Water Treatment 

  

 Water is the most essential fluid on the earth for all the living beings. Water covers 75% 

of the earth’s area but fresh water is only 3% and two third is in frozen condition. The accessible 

water which is used for human and animal is only 0.25% [101-102]. So far the world's supply of 
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groundwater is gradually declining and it has become more complicated to conciliate the 

requirements for water supply for human consumption. Therefore, saving water is a key concern 

for modern societies to save the earth and to make the future of mankind secure.  

 The rapid growth in the industrial area, population escalation, and development in 

scientific technology have dragged our world to new perspectives but the cost which we have to 

pay is too high [102-107]. The faster industrial development and the worldwide population 

outburst results in the large requirement for fresh water, both for the household works and for 

agriculture. In addition, the consumption of accessible fresh water has increased tremendously in 

the domestic sectors and the quantity of contaminated water has also increased. The foremost 

water pollutant is the textile dyes which are toxic and non-biodegradable [86-88,102]. 

 On a global level, over 0.7 million tons of organic synthetic dyes are produced annually 

which are essential in the textile manufacturing, leather, painting, food, plastics, cosmetics, 

photographic and paper industries [87-88]. It is estimated that 1-20% of the total worldwide 

production of dyestuff is released into the environment as dye effluent during the textile 

processing due to inefficiencies [88,103-105]. These dyes are not biodegradable and demonstrate 

hazardous effects specifically carcinogenic, DNA damage, allergic dermatoses and mutagenic 

effects, hence the effects of dyes on the environment is a matter of concern [91]. The colorants 

present in the water stream can block both sunlight and oxygen, which are essential for aquatic 

life. Low concentrations of dyestuff in wastewater do not usually impart any major 

environmental hazard but because of the presence of the higher concentration of these chemicals, 

there is a significant requirement to destroy efficiently these dyes before disposing them to the 

water receiving bodies.  

 

1.5.4.3 Semiconductor-based Photocatalysis 

  

 In current times, various approaches to clean the water bodies including conventional 

methods have been reported in the literature by innovators [105-107]. These methods of 

wastewater treatment are of three types: biological, chemical and physical. These processes are 

not entirely effective because either they fail to accomplish complete color removal or inertness 

of contaminants that are not easily absorbable or volatile. In addition, they merely convert the 

contaminants to a different phase which again causes disposal harms. 
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 Now, it is essential to discover more effective systems to purify water than the 

conventional water purification processes. As a response, the development of newer 

environmentally benign techniques of degrading hazardous waste became a crucial concern. 

Thus, over the past decade, research exertion has been dedicated to manufacturing a newer, more 

efficient and photoactive semiconductor nanostructures to transform the pollutants existing in the 

sewage into safe end products devoid of any toxic hazardous for environment [97-102]. 

 In particular, there has been an incredible improvement over the past decade in the 

synthesis of semiconducting metal oxides and sulfides nanoparticles of different sizes and with 

good yield [64,68,70-75]. Semiconductor photocatalysts (TiO2, ZnO, ZnS, CuO, CuS etc.) have 

widely been studied and have utilized in photocatalysis [88,108-112]. The electronic structure of 

semiconductor nanomaterials reveals that these materials have scope to modify and the general 

mechanism of photocatalysis shows that these materials can be used efficiently as a photocatalyst 

[79].  

 

1.5.4.4 Requirement of a Semiconductor Material to be used as a Photocatalyst 

  

 The band potential of a semiconductor and the values of the redox potential of surface 

adsorbed species decide the capability of the semiconductor to undergo photoinduced charge 

transfer. The energy of band or band edge potential depicts the thermodynamic limitations for 

the photoreactions that accomplished by photogenerated charge carrier species. The energy level 

of the conduction band determines the reduction potential of the electrons and the energy level of 

the valence band establishes the oxidizing potential of the holes. In actual, both the conduction 

and valence band edge potentials indicate the ability of a semiconductor to perform the reduction 

and oxidation reactions [71,74]. From the thermodynamic perspective, the electrons of 

conduction band can reduce the adsorbed species if they have the more positive redox potential 

values than the band edge potential of the conduction band, the higher the conduction band edge 

the larger the reductive power of the electrons. Similarly, adsorbed couples can be oxidized by 

the holes of valence band if they have more negative redox potential than the band edge potential 

of the valence band [70,102,113-114]. 

 The band edge positions of some frequently used semiconductors are illustrated in Figure 

1.12 [113-114]. However, the electronic structure in bulk semiconductor influenced by pressure, 

temperature and the pH of electrolyte used during the reaction. The main constraint for a wide 
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bandgap (3 eV) photocatalyst is that the band gap restricts their reactivity to the small UV-region 

of the sunlight, i.e. less than 5% of sunlight can be harvested by these materials. So, the narrow 

bandgap semiconductors are preferred but they also have lower stability issues [70-74]. 

 

 
 

Figure 1.12 The band gaps and band-edge positions of various semiconductors with respect 

to the vacuum level [114] 

  

 The semiconductor is shown in Figure 1.12, an example of a metal oxide which has 

sufficient band gap energies to be excited in UV or visible region, and the redox potentials of the 

CB and VB edges can encourage a series of oxidative and reductive reaction. However, some of 

the semiconductor materials do not have durability in aqueous media [86,97]. Metal oxides and 

sulfides (TiO2, ZnO, ZnS, Cu2O, Fe3O4, SnO2, CeO2, Bi2O3, SnO, NiO etc.) have been the subject 

of an extensive investigation from the last couple of years [115-120]. The other class of 

semiconductors is metal chalcogenides (MoS2, CdS, CdSe, PbS, MoSe2, and PbSe), which offers 

a noteworthy advantage because of their tunable reactivity under visible light [71-72,107,116]. 

Consequently, a lot of research and attention have been focused towards the development of a 

visible light active material which shows prolonged stability during photocatalysis. 

 

1.5.4.5 Mechanism of Dye Degradation  

 

 This thesis work includes mainly the synthesis of heterogeneous catalysts of 

semiconductor metal oxide and sulfide nanomaterials and their applications in photocatalysis. A 

semiconductor can be excited by light energy higher than the bandgap energy with the generation 



Chapter 1 
 

Ph.D. Thesis Page 24 
 

of electron-hole pairs which involves photoreduction and photooxidation reactions shown in 

Figure 1.12 [99,102,109]. 

 Photocatalysis is a chemical process catalyzed by a solid catalyst where the external 

energy source is used to excite the electrons [113-115]. A material can be used as an ideal 

photocatalyst, if it owns the following characters: (i) photoactive, (ii) chemically and biologically 

inactive and photostable, (iii) inexpensive and (iv) environment-friendly [71-76,116]. 

 The heterogeneous photocatalytic process is a surface phenomenon that pursues the 

following steps when a semiconductor material is used as a catalyst and shown in Figure 1.12 

and 1.13: [99,112-116]. 

 

 Photoexcitation of semiconductor with light absorption, having energy equivalent to or 

higher than the band gap energy. 

 Transfer of electron from the filled VB to the empty CB of the semiconductors and 

creation of the electron-hole pairs. 

 Separation of the electrons and holes or prevention of the photogenerated charge pairing. 

Therefore, the rate of reaction must be higher than the rate of the recombination of 

electrons and holes, to avoid deactivation of the catalyst.  

 Various environmental pollutants (synthetic dyes, phenolic compounds, nitro compounds 

etc.) adsorb on the catalyst surface via chemical or physical adsorption. 

 Redox reactions carried out on the catalyst surface between the electrons, holes and the 

adsorbed molecules; are important in the formation of ultimate reaction products. 

 Desorption of the end products from the catalyst surface in the degraded forms (CO2 and 

H2O). 

 
 

Figure 1.13 General photocatalysis mechanism in a semiconductor under light illumination  
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Figure 1.14 Degradation of pollutants on a catalyst surface under visible light irradiation  

  

 Dye degradation by the semiconductor nanomaterials under light carried out by two 

processes. In the first step, when a semiconductor nanomaterial absorbs the light energy higher 

or equal to the energy gap, the electrons get excited. These photogenerated electrons jump from 

the valence to conduction band with the simultaneous generation of the holes in the valence 

band. Holes can take part in the various oxidative reactions with the formation of reactive 

intermediates. These intermediates give the final products and the reaction steps can be shown as 

[70,74,102]. 

 

MO/MS + hν → MO/MS (eCB
-
 + hVB

+
)   (1) 

eCB
-
 / hVB

+
 + dye → dye* → degraded product (2) 

 The holes react with the surface bounded hydroxyl species and generate hydroxyl (OH
•
) 

free radicals in the presence of aqueous solution. These species are highly reactive and 

responsible for the dye degradation as follows: 

 

hVB
+
 + H2O → H

+
 + OH

•
     (3) 

hVB
+
 + OH

‒
 → OH

•
      (4) 

 The band edge potential of the conduction band (eCB
−
) is sufficient negative and the 

electrons of the CB can reduce the surface absorbed oxygen molecules with the subsequent 

generation of superoxide free radical (O2
− •

). 

  

eCB
−
 + O2 → O2

− •
     (5)  
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 The radical again react with surface adsorbed water molecules to form peroxide (H2O2) 

which is eventually generate OH
•
.  

O2
− •

 + H
+ 
→ HOO

• 
     (6) 

HOO
•
 + HOO

• 
→ H2O2 → OH

•
 + O2   (7) 

  

 The successive reactions of the reactive chemical species (OH
•
 and O2

− •
) degrade dye 

molecules entirely and simple molecules as end products are formed [70,74,99,102].  

The second step is the dye sensitization mechanism where surface adsorbed dye 

molecules absorb light and get excited [121-122]. In this process, dye molecule absorbs an 

energy and the existing electrons go through excitation from HOMO to LUMO. The excited 

electrons present in the LUMO of dye are inserted into the conduction band of the catalyst. The 

dye is converted to cationic dye radical [120-124]. These dye radicals degraded via generation of 

the similar oxidative species (O2
‒ •

 and OH
•
) as explained in the first mechanism [74,118-121]. 

The absolute degradation of dye takes place and produce degraded end products. This 

mechanism is important when dye molecules are adsorbed directly on the photocatalyst surface 

[86,74-75]. These two mechanisms are depicted in Figure 1.15. 

 

 

Figure 1.15 Dye degradation mechanism in presence of semiconductor material as a 

catalyst  
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1.5.4.6 Limitations of a Photocatalyst 

  

 In spite of several semiconducting metal oxide and sulfide combinations reported in the 

literature with high photocatalytic activities, still, there is a huge demand for new nanomaterials. 

The major problem of a large bandgap semiconductor is the recombination of electron and holes 

and restricted light-harvesting capacity. This leaves a vast scope for the development of new 

heterostructures with different combinations of improved optical properties, photocatalytic 

efficacies, and thermal stability. 

 A semiconductor can be sensitized using an additional semiconductor material while 

charge recombination can be reduced using noble metal deposition (Ag, Pt, Au, Pd etc.). Another 

challenging problem is to fabricate catalysts that can excite under visible light, which is 43% of 

sunlight. The disadvantage of using bare metal oxide and sulfide nanomaterials like TiO2, ZnO, 

ZnS, SnO2, CeO2, Bi2O3, SnO, NiO, Cu2O, Fe3O4 etc. as photocatalysis is that these 

nanomaterials can absorb mainly UV light thus significantly restricts the practical application of 

these photocatalysts. Therefore, the modification of a catalyst surface is essential with other 

visible light active nanomaterials. Further obstacles and disadvantages associated with 

nanomaterials are instability, non-reusability, and toxicity. There is also a scope to synthesize 

nanoparticles which are durable, cost-effective, reusable and environmentally benign. 

 

1.5.5 Approaches to Enhance the Photocatalytic Activity of Semiconductor Nanomaterials 

 

1.5.5.1 Deposition of Metal Nanoparticles 

 

Photocatalytic reactivity of nanoparticles boosted to many folds when assisted by metals 

like Au, Ag, Pt, and Pd due to the electron scavenging property of metal nanoparticles [108,125-

126]. There is a lot of scopes to develop various combinations of semiconducting metal oxide 

and sulfide nanoparticles and modify their surfaces by using different noble metals to enhance 

the photocatalytic reactivity. It will effectively increase the lifetime of photoexcited electrons 

and therefore the recombination of the electron and hole is delayed [71,108,127-130]. Previous 

studies discovered that metal deposited semiconductor nanocomposite improves the 

effectiveness of the photocatalytic reactions, in which metal nanoparticles behave as an inert sink 

for electrons or holes and obstructed the recombination. Owing to the dissimilar work function of 
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the metal nanoparticles and semiconductor, a space charge region is originated upon their contact 

and an in-built potential promote the separation and easy transportation of photogenerated 

charges analogous to the coupled semiconductor heterostructures [127-136].  

The role of a metal associated with a semiconductor can vary depending upon their 

oxidation state. A metal nanoparticle of zero valency can be used along with a semiconductor to 

prevent recombination of photogenerated charges. A metal ion (cation) can be doped into a 

semiconductor and can be used to expand the photoreactivity of the semiconductor nanomaterials 

under visible light [86,127-136]. Along with various metal nanoparticles, used for the synthesis 

of the metal-semiconductor composite, noble metal nanoparticles have been established to be 

more beneficial to facilitate the efficiency of semiconductor nanomaterials for catalytic reactions 

[70-75]. Non-noble metals like Cu, Mn, and Fe are used more often as chromophores to harvest 

light. Platinum-based compounds have also been used for enhancing the catalytic properties of 

semiconductors [36]. Previously, TiO2 or doped TiO2 (with anions, cations, and metal ions) were 

used to improve photocatalytic efficiency, which normally absorbs at UV wavelength region 

[86].  

 

 

Figure 1.16 Schematic representation showing photocatalytic process using metal 

decorated metal oxide nanoparticles  

 

 Kamat and co-workers showed the charge and discharge of electrons in between TiO2 

and Ag nanoparticles in the presence and absence of UV light. The same group explained the VB 
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electrons of metal oxide nanoparticles get excited with a light source and jump from VB to CB. 

The metal nanoparticles scavenge electrons from CB of metal oxide nanoparticles [127]. These 

electrons on the metal surface were used in the dye degradation reaction. The overall process is 

shown in Figure 1.16. 

 Chiou et al. reported the connection between electronic structures and photocatalytic 

activities during a photocatalysis process. They have explained Au, Ag, and Pt metal 

nanoparticles on the ZnO nanorod surface act as a sink, facilitating the interfacial charge transfer 

and effective separation of photoinduced electron and hole. Therefore, the photocatalytic 

performance of bare ZnO has improved after decorating with metal nanoparticle [130]. Zheng et 

al. reported the synthesis of Ag/ZnO nanocrystals using a varied amount of silver and without 

using any extra stabilizer via the solvothermal method. The correlation of morphology with the 

photocatalytic performance has been investigated and results revealed that the photocatalytic 

property is associated with its structure, oxygen defects, and crystalline nature. They have shown 

that the silver nanoparticles and oxygen vacancies on the ZnO nanorods surface enhance the 

charge separation and thus boost the photocatalytic efficiency [132]. Chang and co-workers 

reported the synthesis of Pd/ZnO with different Pd contents using a facile one-pot hydrothermal 

approach. The results demonstrated that the partial Pd loading is present on the surface of ZnO 

and the remaining is doped in the lattice of ZnO. It has also found that the loading of Pd 

modulates the electronic structure of ZnO and also affect the content of surface hydroxyl 

resulting in the promotion of photodegradation efficiency [135]. The dimer-type heterostructure 

of Ag-ZnO nanofibers and photodegradation of RhB dye under the UV light has been reported 

by Lin and co-workers. The heterojunction structure endorsed the separation of electrons and 

holes and the photon efficiency, allowing both charges to contribute in the overall photocatalytic 

reaction. It has also been observed that in Ag-ZnO the photocatalytic activity is exceeded by a 

factor of more than 25 as compared to pure ZnO [134].  

 

1.5.5.2 Coupled Semiconductors 

  

 To promote the charge separation and reduce/hinder the charge-carrier recombination for 

superior photocatalytic activity, the coupling of two semiconductors having different band gap 

energies is a successful approach. Countless efforts have been made to design the different 
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heterostructures such as ZnO/CdS, CuS/ZnS, CuS/ZnO, ZnO/ZnS, SnO2/TiO2, ZnO/TiO2 or 

CdS/TiO2 [137-140]. The heterostructure significantly inhibits the recombination of charges and 

facilitate electron transfer due to the inducement of the internal static electric field and the 

potential difference between VB and CB resulting in the enhancement of photocatalytic 

efficiency [116-119]. The heterostructure replaces the drawbacks of the bare material and 

stimulate a synergistic effect between both the semiconductors [117]. If there are two 

semiconductors which have dissimilar electron affinities, the possibilities of different types of 

heterostructure have been shown in Figure 1.10.  

 Considering a type-II (Figure 1.10) band alignment, it is apparent that the energy 

gradient existing at the interface of heterostructure is inclined in such a way that electrons and 

holes are separated on the different sides of the heterojunction. Due to this electrons will be 

restricted to the CB of one semiconductor and holes may be into VB of another. The mechanism 

of the electron and hole separation in a semiconductor heterostructure is schematically depicted 

in Figure 1.17. 

 

      

 

Figure 1.17 Schematic diagram demonstrating photocatalysis mechanism in coupled 

semiconductor type-II heterostructure  

  

 When a semiconductor heterostructure nanomaterial is irradiated with UV light, VB 

electrons are excited and jump to the CB with the immediate generation of the holes in the VB. 

The generation of electrons takes place in the UV-active material as it only absorbs the photons. 

Afterward, from the higher CB edge semiconductor, electrons are transferred to the lower CB 
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edge semiconductor as shown in Figure 1.17. In sequence, the holes present in opposite 

direction involves in the oxidative reactions that raise the rate of charge separation [71-74]. The 

similar kind of charge transfer can happen in case of visible light active materials.  

Serpone et al. reported the coupling of two semiconductors (CdS and TiO2) and showed 

the significant increase in photocatalytic efficiencies (degradation of dyes and organic pollutants) 

due to interparticle electron transfer between TiO2 and CdS [140]. Dandan et al. reported the 

activity toward photocatalysis, which enhanced by synthesizing the semiconductor 

heterostructure (ZnO-ZnS) [15,16,141]. The band gap energy values for ZnO and ZnS 

nanoparticles are 3.37 and 3.70 eV, respectively. When ZnS-ZnO heterostructure illuminated by 

light then electron gets excited from VB to CB and there will be excess of electrons in the CB of 

ZnO, which helps in the photoreduction and excess of holes in VB of ZnS for photooxidation 

reaction [141-143]. Therefore, the photocatalytic reactivity enhanced as compared to bare metal 

oxide/sulfide semiconductor nanoparticles. 

Various semiconductor assemblies with different kinds of morphologies such as 

nanoflowers, nanotubes, nanorods, nanoleaves, etc. have been used to exhibit high photocatalytic 

efficiency [144-147]. Zhang and co-workers explained the synthesis of flower-like ZnO 

nanostructure using a surfactant. They used a surfactant as a stabilizer and explained the role of 

surfactant in the formation of ZnO [144]. Yong and co-workers reported a facile approach to the 

fabrication of CuS/ZnO heterostructure nanowire arrays and their successful application as 

visible light photocatalysis using acid orange dye (AO7). They have explained the higher 

photocatalytic reactivity in presence of heterostructure as compared to the pure semiconductor. 

This enhanced photocatalytic activity is due to the interfacial charge transfer (IFCT) from the VB 

of the ZnO nanowires to the CuS nanoparticles. They mentioned the reusability of the catalyst 

particles without any significant loss of activity for photodecolorization of acid orange [145]. 

This photoinduced interfacial charge transfer in CuS/ZnS heterostructure has been also reported 

by Gong and co-workers [146]. 

 Serpone et al. explained the heterogeneous photocatalysis and the idea about the 

semiconductor materials used in photocatalysis. Countless studies are available to illustrate the 

pathway of electron transfer in dye photosensitization process, and in photosensitization of 

semiconductor in presence of another semiconductor called coupled heterostructure [147-148]. 

Li and co-workers reported the ZnO/CdS heterostructure and its use in the photodegradation of 
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rhodamine B (RhB) dye under sunlight, and the photocatalytic performance signifies that the 

heterostructure exhibits better photocatalytic efficiency, which can be attributed to the extensive 

photoresponse range and the improved charge separation rate [149]. Yu et al. reported the 

synthesis of monodisperse CuS/ZnS nanocomposite and the enhanced photocatalytic activity in 

heterostructure has been used for the decolorization of RhB dye under visible-light illumination 

[150]. 

 

1.5.5.3 Scavenging of Photogenerated Electrons and Holes 

  

 Scavenging of photogenerated charges using any charge acceptor or donor in the VB and 

CB respectively is another technique to inhibit the electron-hole recombination and enhance the 

photocatalytic activity [64-68,147]. During photocatalysis, the recombination step is 

predominant in the lack of an electron acceptor, and thus it confines the effectiveness of 

photocatalysis [151-155]. The involvement of external oxidants or electron acceptors into 

photocatalysis lead to progress the photocatalytic degradation of organic pollutants as (i) it 

accepts the electrons present in CB and reduce the electron-hole pairs recombination; (ii) 

increasing the concentration of hydroxyl radical in the reaction mixture which accelerates the 

rate of oxidation of transition species; and (iii) produce supplementary radicals and 

supplementary oxidizing species to increase the degradation of intermediates [70-74]. Numerous 

researchers have been investigated that hydroxyl radicals play a considerable role in the 

photodegradation reactions. The consequences of electron acceptors or scavengers have been 

well studied in the photocatalytic degradation of contaminants and mostly hydrogen peroxide 

(H2O2), potassium bromate (KBrO3), and potassium persulfate (K2S2O8) have been reported and 

shown in Figure 1.18. To decompose the pesticides and herbicides, these acceptors provide an 

excess of hydroxyl radicals and slowed down the electron-hole pair recombination [14,15,115]. 

For example, H2O2 can scavenge the photogenerated electrons to stabilize the electron-hole pairs 

[155].  

H2O2 + e
−
 → OH

•
 + OH

−
             (8) 

H2O2 + O2
‒• 
→ OH

•
 + OH

−
 + O2  (9) 

H2O2 + OH
•
 → H2O + OH2

•
   (10) 

OH2
•
 + OH

•
 → H2O + O2   (11) 
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In presence of H2O2 extra OH
•
 radicals generated via the reaction (8) and (9), which 

probably endorse the degradation of pollutants as it is the key species in photocatalysis. 

Generally, molecular oxygen present in dissolved condition behaves as electron acceptor and 

produce superoxide radicals (O2
‒•

) which also plays a key role during photocatalysis. Though, 

the excess addition of H2O2 would capture the OH
•
 radicals via reaction (10) and (11) and 

suppress the photocatalytic activity. 

 

 

 

Figure 1.18 Photogenerated electron and holes trapped by e
‒
 and h

+
 scavengers and 

restricted recombination and reduction of the formation of radical species  

 

 On the contrary, the addition of electron donors or hole scavengers in the photocatalytic 

process also affects the reactivity. These reagents react with the photogenerated holes at VB and 

inhibit the electron-hole recombination resulting in higher photocatalytic efficiency. It is 

necessary to opt an appropriate hole scavenger and the photogenerated electron can be captured 

on the surface of the semiconductor. The holes undergo a photocatalytic oxidation and reduction 

reaction with electrons. Some hole scavengers such as EDTA, ammonium oxalate, 

formaldehyde, lactic acid, cyanide ions, and solvents like ethanol and methanol have been 

reported and established to facilitate the photocatalytic activity [152-155]. In general, these 

species act as scavengers for holes and thus separates the charge carriers. 
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1.5.5.4 Charge Carrier Trapping 

  

 It is an alternative method to restrict the charge recombination by which lifetime of 

electrons and holes can be amplified more than a fraction of nanosecond for improved catalytic 

activity of a semiconductor [125-127]. Surface and bulk defects naturally happen during the 

synthesis of colloidal and polycrystalline photocatalysts. The deformities are connected with 

surface electron states and called as carrier-trapping surface defects and their energy state is 

different from the bulk semiconductor. These different energy states behave as charge carrier 

trap and assist to retard the electron-hole recombination [152].  

 

1.5.6 Electrocatalysis 

 

 There are essentially two types of energy resources: natural or non-renewable, and 

renewable, used by a human being for the production of energy for our everyday life. Including 

oil, gas, coal and nuclear energy sources around ~90 % of the total energy resources covered by 

non-renewable energy sources (India) [156-159].  Only ~10% of natural resources are available 

as renewable energy sources shown in Figure 1.19. World’s energy consumption patterns shifted 

from wood→coal→oil→gas based on greenhouse gas emission as well as hydrogen to carbon 

ratio (H/C ratio). Non-renewable sources release carbon dioxide, a major factor for the 

greenhouse effect which is a perennial problem for the environment. The environment pollution 

triggered energy crisis for future. Therefore, it is necessary to explore clean and renewable 

energy sources, which can replace the natural fuels effectively [157-158]. 

 

 

 

Figure 1.19 The distribution of energy resources (natural and non-renewable energy 

sources)  
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 The energy requirement is highly dependent on renewable energy sources; hence it is 

needed to store this energy for the future [160-162]. Due to the increased percent consumption of 

coal and petroleum, the global climate is changing continuously and become a main concern. 

Hence, H2 is considered as the environmentally benign fuel for both the electric power and 

transportation industries as it only produces the clean end products.  

 Owing to some advantage of hydrogen gas it catches the eyes of the civilized world to 

consider it as a substitute for renewable energy sources [163-168]: 

1. The energy content per unit weight is 143 GJ/tonne in H2 which is the highest of any known 

fuel and the only fuel which is chemically free from carbon content.  

2. During combustion, hydrogen gives only water and energy. Also, its transportation and 

common use are safer than other gaseous fuels at normal temperature and pressure.  

3. It is well known that the electrochemical process for hydrogen production, a safer avenue, is 

considered to be a promising route compared to other chemical or biological routes in order to 

supply the energy needs.  

 Hydrogen gas can be generated from a number of resources like water, fossil fuels, and 

biomass etc. It has been previously reported that water is transparent liquid so visible light will 

pass through directly and it cannot be split, but if the radiations with wavelengths shorter than 

190 nm are used the splitting can happen [116,163]. The most fascinating route to produce H2 is 

photocatalytic decomposition of water shown in equation (12) [159-160]. The hydrogen 

produced by the reaction in equation (12) can be stored and used in the fuel cells.  

                                  

2H2O + hν → O2 + 2H2   (12) 

  

The reaction in equation (12) is performed in the absence of radiation which requires 286 

kJmol
−1

 energy input in ambient conditions termed as electrochemical water splitting reaction or 

water electrolysis [159-164]. 

 

1.5.6.1 Hydrogen and Oxygen Evolution Reaction 

  

 At cathode, hydrogen evolution reaction (HER) and at anode oxygen evolution reaction 

(OER) are two crucial half-cell reactions of electrochemical water splitting.  
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Cathode (HER): 4H
+

(aq) + 4e
−
 → 2H2(g),  E

o
red = 0.00 V (vs. RHE) 

Anode (OER): 4H2O(l) → O2 + 4H
+

(aq) + 4e
−
,  E

o
red = ‒1.23 V (vs. RHE) 

  

 According to the thermodynamics, the breakdown of water into hydrogen and oxygen at 

standard temperature and pressure (25 
o
C, 1 atm) is not favorable, as depicted in the above 

equations. The standard reduction potential for HER is defined as 0 V vs. RHE (Reversible 

hydrogen electrode) whereas for OER is ‒1.23 V vs. RHE at standard temperature and pressure. 

It means for electrochemical decomposition of water the potential difference between the 

cathode and anodes must be more than 1.23 eV. In experimental water electrolysis complex 

charge transfer processes take place which leads to the reduced energy efficiency due to sluggish 

reaction kinetics and charge aggregation. The above mentioned higher potential, which is more 

than the thermodynamically determined reduction potential, required for the reaction called as 

overpotential (ƞ) [165-166]. A much important concern is to design an appropriate catalyst for 

water splitting which can reduce the overpotential significantly and endorse the rate of the 

reaction and efficiency of the cell. Electrocatalysts in nanoscale could offer different 

intermediate states, reduction in activation energy and provide the energy required for the 

transition state to more number of surface adsorbed molecules. Hence, these facilitate the 

reaction rate and the reaction can carry out at a lower potential. Moreover, a catalyst having a 

porous and rational structure with increased reactive sites decreases the amount of catalyst and 

also contributes to alleviating the overpotential [166-168]. Amongst the various HER catalysts, 

platinum is a famous and largely used catalyst due to its zero overpotential and a very low Tafel 

slope. Afterward, more noble metals like palladium, gold, silver, and iridium also have been 

examined and proved excellent catalytic materials for HER but higher cost and scarcity of noble 

metals limits their applications on large scale. Therefore, it is essential to find an economical 

substitute with high efficiency. To do so, recently attention has been diverted toward OER 

catalysts based on non-noble metals such as Mn, Co, Ni, Fe and HER catalysts based on Mo and 

W [165-168].  

 

1.5.6.2 Use of Semiconductor Nanomaterials in Electrochemical HER 

  

 In the 1970s, Honda and Fujishima utilized TiO2 electrode for water splitting where TiO2 
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irradiated with visible light for the generation of electrons and holes [70,63,116]. This 

perception, which appeared by using photoelectrochemical cells with semiconductor electrodes, 

has further been used to design a photocatalytic system using semiconductor nanomaterials as 

photocatalysts [164-168]. 

 Recently, a range of nanomaterials with different morphologies have been developed and 

used as electrodes. Especially, catalysts are fabricated with the increased surface area, active 

sites, and conductivity. Their surface modifications with suitable light-harvesting materials have 

elevated their commercial use owing to higher efficiency [161,163].  

 A typical electrolysis cell connected to a potentiostat for water splitting reaction is shown 

in Figure 1.20. Here, an electric current is passed through water to split water into hydrogen, and 

oxygen. Hydrogen is generated at cathode, oxygen at anode and collected further. Hydrogen 

produced by this technique is tremendously clean, and results in no hazardous emissions and can 

be utilized as a replacement for renewable energy sources.  

 

 

 

Figure 1.20 Electrolysis cell used for electrolytic hydrogen and oxygen production 

  

 There are two important aspects to be accomplished for the semiconductor materials used 

as efficient electrocatalysts for H2 production [114,116]: 

(i) The bandgap of the semiconductor should be higher than 1.23 eV and lower than the 3.26 eV.  

(ii) The lowest edge of the CB should be more negative than the redox potential of H
+
/H2 which 

is 0 V vs. RHE while at the VB, higher edge should be more positive than the redox potential of 

O2/H2O which is ‒1.23 V vs. RHE.  
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 The electrolysis of water consumes more energy in the form of electricity compared to 

that by other processes. For any mass-producible device, abundant, cheap and readily available 

materials are required to use as electrodes. In order to decrease the consumption of electrical 

energy, the researchers initiated the research on some alternative approaches. Moreover, the 

different aspects of hydrogen generation including the efficiency, ease of storage, and 

distribution are demanded its real-world applications. Therefore, in the future, it will be required 

to develop the materials which can work toward the aforementioned aspects. Evidently, there is a 

broad scope for significant advancements to develop both HER and OER electrocatalysts. 

 

1.5.7 Scope and Incentive of the Thesis 

 

 To construct different morphologies of semiconductor metal oxide and sulfide nanomaterials 

 To design heterostructure by combining two different semiconducting metal oxide and sulfide 

nanomaterials with suitable energy levels to enhance the charge separation at the 

heterojunction interfaces. 

 To synthesize environmental benign and reusable nanomaterials with good stability, 

availability, not toxicity, and low cost. 

 To decorate the surface of metal oxide/sulfide nanomaterials with metal (Au, Ag, Pd, and Pt) 

nanoparticles  

 To examine the photocatalytic reactivity of the as-synthesized nanomaterial for the 

degradation of textile dyes, phenolic compounds, nitro compounds and other organic 

pollutants under UV or visible light illumination by varying different reaction parameters 

including the nature and composition of the photocatalyst, reaction conditions, and time 

duration. The stability after the catalysis and recyclability of the as-synthesized catalyst will 

also be explored by its repetitive use.  

 To investigate and enhance the efficiency of resultant nanomaterials for photocatalysis using 

several scavengers. 

 Other prospective research directions can be predicted to extend the use of synthesized 

semiconductor in the field towards the production of sustainable and renewable energy 

sources such as hydrogen gas from splitting of water. The synthesized nanomaterials explored 

for the electrochemical hydrogen production reaction. 
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Chapter 2 

 

Materials, Methods and Instrumentation 

 

 It contains the details of chemical used for the synthesis, calculation 

methods and instruments used for all the experiments included in thesis.  
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 This chapter deals with the materials, methodologies used for the synthesis of all the 

semiconducting metal oxide, metal sulfide and other nanomaterials in pure and modified state 

and their characterization techniques. The various techniques employed for the characterization 

of nanomaterials including UV-visible spectroscopy (UV-vis), Powder X-ray diffraction 

(PXRD), X-ray photoelectron spectroscopy (XPS), Scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), Photoluminescence spectroscopy (PL), Fourier 

transform infrared (FTIR) spectroscopy, and catalytic studies performed with the help of UV-vis 

and CH potentiostat.  

 

2.1 Used Reagents 

 

Table 2.1 List of the chemicals used in this study along with the name of their suppliers 

 

S. 

No. 
Chemicals Name of Supplier 

1 Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O) Sigma-Aldrich, India 

2 Silver nitrate (AgNO3 ≥ 99.9%) Sigma-Aldrich, India 

3 Potassium tetrachloropalladate (II) (K2PdCl4) Sigma-Aldrich, India 

4 4-aminophenol (H2NC6H4OH) Sigma-Aldrich, India 

5 Ammonium molybdate tetrahydrate [(NH4)6Mo7O24.4H2O] Sigma-Aldrich, India 

6 Nafion Sigma-Aldrich, India 

7 Isopropanol (C3H8O) Sigma-Aldrich, India 

8 Mesoporous carbon powder Sigma-Aldrich, India 

9 Zinc sulphate (ZnSO4.7H2O) SD fine, India 

10 Urea Extrapure (NH2CONH2) SD fine, India 

11 Hydrazine hydrate (NH2.NH2.H2O) SD fine, India 

12 Zinc nitrate hexahydrate [Zn(NO3)2.6H2O] SD fine, India 

13 4-Nitrophenol (C6H5NO3) SD fine, India 

14 Sodium borohydride (NaBH4) SD fine, India 

15 Barium sulphate (BaSO4) SD fine, India 

16 Potassium Bromide (KBr) SD fine, India 
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17 Sulphuric acid (H2SO4) SD fine, India 

18 Ammonia solution with sp. gr. 0.91 SD fine, India 

19 Phenol SD fine, India 

20 Ammonium oxalate (C2H8N2O4) SD fine, India 

21 Tertiary butyl alcohol (C4H10O) SD fine, India 

22 Cetyltrimethylammoniumbromide (CTAB, C19H42BrN) Spectrochem  

23 Nitric acid (HNO3) Spectrochem  

24 Ethanol Spectrochem  

25 Trisodium citrate (Na3C6H5O7) SRL, India 

26 Ascorbic acid (C6H8O6) SRL, India 

27 Thiourea (NH2CSNH2) Merck, India 

28 Hexamethylenetetramine (HMT, C6H12N4) Alfa aesar, USA 

29 Fullerene carbon nanotube multiwalled Alfa aesar, USA 

30 Sodium sulfide (Na2S) Alfa aesar, USA 

31 Methylene blue Alfa aesar, USA 

32 Malachite green Alfa aesar, USA 

33 Rhodamine B Alfa aesar, USA 

 

2.2 Methods 

 

2.2.1 Calculation of Band Gap 

  

 The band gap generally refers to the energy difference (in electron volts) between the top 

of the valence band and the bottom of the conduction band in semiconductors. To calculate the 

band gap of the sample, UV-vis absorption spectra have been recorded first. In crystalline 

semiconductors, the following equation has been used to relate the absorption coefficient to 

incident photon energy [1-3]. 

                 
    

where   = absorption coefficient, Eg = optical gap, B = constant that depends on the transition 

probability, h is the Plank constant and   is the frequency.  

Known function:      
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 A classical Tauc approach is further employed to estimate the Eg value of semiconductor 

using a plot of ( Ep)
2
 vs. Ep [1-2]. The extrapolated straight line of this plot meets the Ep axis at   

= 0 which represents the absorption edge energy corresponds to the band gap (Eg) of the 

material. It should already be noted that the Tauc plot is not characterized by a unique slope and 

hence the determined value of optical band gap Eg strongly depends on the choice of the linear 

region. 

 

2.2.2 Photocatalysis Methods and Calculations 

  

 To assess the photocatalytic performance of the as-prepared catalysts, various pollutants 

were degraded under irradiation of visible and UV-light. The certain concentration of dye and 

catalyst were added in a fixed volume of water and dispersed. Prior to photo-irradiation to 

establish the adsorption-desorption equilibrium between dye and catalyst, the reaction mixture 

was kept in dark for 30 min. Afterward, the light was illuminated to perform the photocatalysis. 

The reaction mixture was magnetically stirred throughout the experiment. At the given 

irradiation time, 3.0 mL sample was collected and centrifuged to remove the catalyst. The 

degradation efficiency of dye was recorded on a UV-visible spectrophotometer. 

% Dye degradation was calculated from the equation given below: 

 

X% = (A0-At)/A0 × 100 

 

Where A0 = Peak intensity at ‘0’ time and At = peak intensity at time ‘t’. 

  

 The value of rate constant has been calculated from the slopes of the exponential plot 

(A0/At) vs. t and linear curve ln (A0/At) vs. t. The order of the reaction was pseudo first order in 

all the cases.  

2.3 Sample Preparations for Analysis  
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2.3.1 Sample Preparation for TEM 

 

 The samples were prepared onto 400-mesh carbon-coated copper grids by placing 3-4 

drops of a freshly prepared aqueous dilute solution of the sample and the grids were dried for 

overnight. Solid powder samples were dispersed in water and liquid samples were used directly 

on the grid. 

 

2.3.2 Sample Preparation for XPS 

  

 XPS samples were prepared by dropping 10.0 μL of the aqueous solution sample onto a 

small piece of Si wafer and carbon tape and dried under dry nitrogen line. To compensate for any 

kind of charging effect, the binding energy of C 1s peak at 284.5 eV has been used as a 

reference. 

 

2.3.3 Preparation of Working Electrode for Electrocatalysis 

  

 Three electrode system, Glassy carbon electrode (GCE), Pt-wire and Ag/AgCl as a 

working electrode, counter electrode, and reference electrode, respectively, were used. In order 

to prepare a working electrode, the as-synthesized materials were coated with an ink which was 

drop-casted onto the electrode. Typically, the ink was prepared as follows. 5 mg sample was 

dispersed in 300 µL of iso-propyl alcohol and 30 µL of Nafion (adhesive). Then, the mixture was 

sonicated for 10 min in order to obtain a homogeneous suspension. Finally, 5.0 μL of the 

homogeneous mixture of ink was dropped onto GCE and allowed to dry.  

 

2.4 Electrochemical Analysis and Calculations 

 

2.4.1 Voltammetry 

  

 Voltammetry is an electroanalytical technique in which the current through a cell is 

measured while varying the potential supply. It is usually done in a 3-electrode system 

comprising of a working electrode, a counter electrode, and a reference electrode. The working 

electrode is the one on which the reaction occurs. The counter or auxiliary electrode simply 

serves to complete the analogous circuit, i.e., should the working electrode behave as a cathode, 

the counter behaves as an anode and vice versa. The reference electrode, on the other hand, is an 
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electrode which has a known stable electrical potential. The potential of the working electrode is 

measured against the potential of the reference electrode. The voltammetry technique used in this 

study is Linear Sweep Voltammetry (LSV). In LSV, the voltage is varied linearly across the 

range we desire. Once the voltage reaches the end point, the voltage supply is cut. The results of 

interest from this study are the response and the onset potential.  

 

2.4.2 Tafel Slope 

  

 The Tafel plot of an electrocatalytic process is obtained by the polarization curve as a 

plot of log (j) vs. The slope of the linear portion of the Tafel plot is defined as the dependence 

between the iR-compensated overpotential and the current density, which is expressed as below 

[4,5]: 

       

  
             

  = charge transfer coefficient,    Overpotential R = ideal gas constant, T = temperature, F = 

Faraday constant, n = number of electrons transferred  which is equal to 4 for the OER and 2 for 

the HER.  

 

2.4.3 Mass and Specific Activities 

  

 The mass and specific activities of an electrocatalyst are two other quantitative 

parameters used to define the catalytic activity of an electrocatalyst. The current normalized by 

the catalyst loading is the mass activity, which is expressed in amperes per gram (A/g). On the 

other hand, the current normalized by the electrochemical active surface area (ECSA) or the 

Brunauer-Emmett-Teller (BET) surface area is the specific activity [4, 5]. 

 

              
                                           

                
 

 

                  
                                   

                                     
 

2.5 Instrumentation 
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2.5.1 List of Instruments 

1. 1 cm quartz cuvettes (ERMA, 1 cm light path, capacity of 3.5 ml, Model: MCQ-4/104). 

2. Magnetic stirrer: IKA RCT basic 

3. Balance: Denver Instrument, Japan. 

4. Water bath, S. N. Scientific company. 

5. Teflon lined autoclave, Aamer equipment. 

6. UV-visible Spectrophotometer: UV-vis absorption spectra for liquid samples were obtained 

using a Shimadzu (UV-1800) and Jasco V-650 spectrophotometer (model no. UV-1800). 

7. Ultra violate-visible diffuse reflection spectra for solid samples were recorded on a Shimadzu 

Spectrophotometer (model no. UV-2450). 

8. Powder X-ray diffraction (PXRD) using a Rigaku Mini Flex II diffractometer and X’Pert PRO 

diffractometer with Cu-K  radiation at 25 °C. 

9. For XPS measurements a commercial Omicron EA 125 spectrometer equipped with a seven-

channel detection system was used. As an X-ray source, a monochromatic light of Al-K  

radiation of energy 1486.7 eV has been used. All high-resolution spectra were collected with an 

energy step of 0.1 eV, pass energy of 20 eV and a dwell time of 1sec per step. The emission 

current was set to 15 mA for all measurements. The XPS chamber base pressure was maintained 

below < 3 × 10
-10

 mbar during the measurement. 

10. FESEM analysis was also carried out using Nova NanoSem 450 operated from 0.5 kV to 30 

kV. EDS measurements were performed using Bruker XFlash 6130, attached with FESEM 

instrument. All the as-synthesized samples were analyzed after coating with platinum metal. 

11. TEM micrographs were obtained using a JEOL-2010F TEM instrument operating with an 

electron beam of energy of 200 kV. EDS measurement was carried out with the same instrument 

and in a particular area of the samples. Transmission electron microscopy imaging was also 

carried out on a Bruker microscope operated at 200 kV.  

12. Room temperature Fourier transform infrared spectra of the powder samples (pellets in KBr, 

without moisture) were measured by using a Perkin Elmer 2000 infrared spectrometer in the 

range of 500-4000 cm
-1

. 

13. Raman analysis was carried out using an Airix (STR 500) instrument.  

14. Room temperature Photoluminescence measurements were performed using a Horiba Jobin 

Yvon Fluoromax-4 spectrofluorimeter.  
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15. To determine the surface area of solid nanomaterials, N2 adsorption-desorption isotherms 

were measured with Autosorb iQ Station 1 (Quantachrome Instruments, version 3.01) at a bath 

temperature of 77.35 K.  

16. Zeta potential analysis was performed using a Zeta Sizer model Nano ZS (ZEN 3600, 102 

Malvern Instruments, UK). 

17. The mass spectroscopy analysis was recorded using mass tynx 4.0 software with Acuity 

UPLC class instrument purchased from Waters Company. 

18. All the electrochemical data was recorded in CH Instrument (CHI 604E) at 25°C.  

 

The details of the characterization techniques are as follows: 

 

2.5.2 UV-visible Spectrophotometer  

  

 Absorption spectroscopy is the most widely used spectroscopic tools which provide 

useful information about the sample under studied. It measures the absorption of radiation, as a 

function of frequency or wavelength, due to its interaction with a sample. The environmental 

effects alter the relative energy of ground and excited states, and this alteration causes spectral 

shifts. The absorbance (A) of an absorber (concentration, C) having a molar extinction 

coefficient ε  at wavelength   is given by the equation.  

A= log (Io/It) = ε  Cl 

where A is absorbance (optical density), I0 and It represent the intensity of the incident and 

transmitted light, respectively, C is the concentration of the light absorbing species and ‘l’ is the 

path length of the light absorbing medium [6,7]. 

 

2.5.3 Powder X-ray Diffraction 

  

 Powder XRD is a scientific technique which uses X-ray on powder or microcrystalline 

samples for crystallinity and particle size elucidation of the nanomaterials. Crystals contain 

atoms arranged in specific patterns and planes all while separated by specific distances. These 

distances are so small that they are capable of scattering electromagnetic radiations. Cathode ray 

tube acts as the source of the X-ray, and before directed towards the sample, these rays are 

filtered to produce monochromatic radiation, collimated to concentrate.  



Chapter 2 
 

Ph.D. Thesis Page 60 

 

 The atomic planes of a crystal cause an incident beam of X-rays to interfere with one 

another as they leave the crystal. If an incident X-ray beam encounters a crystal lattice, general 

scattering occurs. Although most scattering interferes with itself and is eliminated, diffraction 

occurs when scattering in a certain direction is in phase with scattered rays from other atomic 

planes. Under this condition the reflections combine to form newly enhanced wavefronts that 

mutually reinforce each other. Crystal diffracts X-rays in a unique characteristic pattern because 

each crystalline material has a characteristic atomic structure. For a given set of lattice planes 

with an inter-plane distance of d, the condition for a diffraction to occur can be simply written as 

Bragg’s equation [8]: 

2dhkl sin θ = n   

where   is the wavelength of the X-ray, θ is the scattering angle where d is the interplanar 

spacing for a given set of hkl and θ the Bragg angle and n is an integer. These energetic X-rays 

can penetrate deep into the material and provide information about the structural arrangement of 

atoms and molecules. 

 The particle size can be calculated from the Scherrer formula [8]: 

t = 0.9   / B cos θ 

where, B is the intensity at FWHM in terms of 2θ and t is the thickness (particle size). 

 

2.5.4 X-ray Photoelectron Spectroscopy 

  

 The photoelectron spectroscopy experiment involves measuring the intensity of photo-

emitted electrons from the core levels and valence band of a material, as a function of kinetic 

energy of the emitted electrons. XPS is a surface-sensitive quantitative spectroscopic technique 

that deals with the elemental composition at the parts per thousand range, empirical formula, 

chemical state and electronic state of the elements that exist within a material. It is based on the 

photoelectric effect, whereby absorption of light by an atom, molecule, or solid/surface results in 

the ejection of electrons, provided that the photon energy is sufficient to overcome the binding 

energy of the electron. For XPS, Al K  (1486.6 eV) or Mg K  (1253.6 eV) photons are generally 

used [3,6]. Both valence and core electrons can be ejected by X-ray radiation. The core electron 

binding energies are characteristic of each element, and the peak areas can be used to determine 

the composition. As the peak shape and binding energy are sensitive to the oxidation and 
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chemical state of the emitting atom, XPS can also provide chemical bonding information. The 

XPS technique is highly surface specific due to the short range of the ejected photoelectrons. 

 

2.5.5 Electron Microscopy 

  

 Microscope is the instrument with which we form enlarged images. The word 

“microscope” came from two Greek words, micros mean small and skopos means to look out. 

Ever since the introduction of the concepts of molecular biology and material chemistry at sub-

micro levels the requirement for a device with the capabilities of extremely high resolution arose. 

Light microscopes which use lenses to magnify objects, a projector lens to project the image onto 

an image plane which can be photographed or stored. The acquired images are substantially 

lower than that required to visualize molecules at the nano-scale. This led to the development of 

the concept of electron microscopy [3, 9-13]. 

 

2.5.5.1 Scanning Electron Microscopy 

  

 A scanning electron microscopy (SEM) is largely used electron microscopic technique 

due to its versatility, different modes of imaging, simple sample preparation, the possibility of 

spectroscopy and diffraction including easy interpretation of images [9]. In the SEM, the electron 

beam is sourced from a cathode. An energy greater than the work function of the material (to 

drive the electrons out of its orbits) is supplied in the form of potential or heat (these sources are 

categorized as field emission or thermionic respectively). Since electrons that produced from the 

cathode appear non-uniformly, they are passed through an anode which diverges the non-

uniform beam. These beams are re-focused by the use of magnetic lenses. These re-focused 

beams are allowed to fall on the stage where they interact with the substrate and undergo 

scattering. Devices such as secondary electron detectors and backscattered electron detectors 

(placed in the sample chamber) gather information regarding the electron interactions with the 

substrate. This data is sent to the processor as signals which are interpreted to obtain sample 

images [9,11]. 
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2.5.5.2 Energy-Disperse X-ray Microanalysis   

 

This analytical technique is often used in conjunction with SEM. An electron beam 

(typically 10-20 keV) strikes the surface of a conducting sample, causing X-rays to be emitted, 

whose energies depend on the material under examination. The X-rays are generated in a region 

about 2 μM in depth. By scanning the electron beam across the material, an image of each 

element in the sample can be obtained which shows the chemical composition of individual 

nanoparticles. In EDS, all photons emitted by the samples are collected and measured 

simultaneously by a solid state X-ray detector.   

 

2.5.5.3 Transmission Electron Microscopy 

  

 The transmission electron microscope (TEM) uses transmitted electrons to create an 

image of the sample. In TEM, the electron beam is passed through a thin layer of the sample. 

The beam interacts with this layer and the transmitted beam is then focused onto an imaging 

device. Such devices include fluorescent screens and photographic films [12,13]. Since SEM 

works on the principle of beam scattering it only provides information on the morphology of the 

sample. In the case of TEM however, since imaging is done from the transmitted electrons, it can 

also provide information on magnetic domains, stresses, and crystal structure. It also has higher 

resolution than SEMs, called high-resolution transmission electron microscopy (HRTEM). From 

HRTEM images fringe spacing (d) can be calculated, which corresponds to a particular crystal 

plane (h,k,l). 

 

2.5.6 Fourier Transform Infrared Spectroscopy 

  

 Infrared spectroscopy deals with the interaction of an infrared region of the 

electromagnetic spectrum with the matter. In this region associated photon energies (1 to 15 

kcal/mole) are not adequate enough to excite the electrons; however, they may induce vibrational 

excitation in covalently bonded atoms and groups [14]. According to the gross selection rule of 

IR spectroscopy, an ‘IR active’ vibrational mode must be associated with changes in the electric 

dipole moment. The molecule need not have permanent dipole, however, requires only a change 

in dipole moment during the vibration. 
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Chapter 3 

 

Synthesis of Au and Ag Nanoparticles on 

ZnO Nanoflower and their Photocatalytic 

Application using UV and Visible Light 
 

 

 Synthesis of ZnO nanoflower and deposition of gold and silver nanoparticles on its 

surface followed by their use in photocatalysis under UV and visible light irradiation 

has been reported. 
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Abstract 

 

We report a simple and convenient method for the synthesis of ZnO/Au and 

ZnO/Ag heterostructure nanoflower applying a surfactant mediated route. Initially, pure 

ZnO nanoflower have been synthesized followed by Au and Ag deposition on ZnO surface 

using hydrazine hydrate as a reducing agent. Structure, crystallinity, and morphology have 

been assessed by X-ray diffraction, X-ray photoelectron spectroscopy, and electron 

microscopy techniques. The influences of the deposited metal nanoparticles (Au and Ag) on 

the surface of ZnO have been emphasized by applying the as-synthesized nanostructure in 

dye degradation under illumination of UV and visible light. The basic motivation behind 

this work is to find a superior photocatalyst, which can work under UV as well as visible 

light i.e., to cover the whole range of the solar spectrum. Photocatalytic performances of 

bare ZnO, ZnO/Au, and ZnO/Ag have been studied thoroughly. Photodegradation results 

in UV and visible light demonstrated that the incorporation of noble metal nanoparticles 

significantly (or drastically) increase the catalytic efficiency by promoting the 

photogenerated charge carrier separation. The main advantage of the proposed ZnO/Au 

and ZnO/Ag semiconductor is that it delays the recombination process of the electron-hole 

pairs generated by the photon absorption, which in lieu increases the photocatalytic 

efficiency. It is a challenging issue to fabricate stable photocatalysts which can work under 

the visible light as it covers 43% of the sunlight. To investigate the role of photogenerated 

electron and hole in dye degradation, scavenging experiment using different scavengers 

have also been performed.  
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3.1 Introduction 

  

 In recent years, scientists are investigating many semiconductor-assisted photocatalysts 

due to their ability to degrade a large number of recalcitrant chemicals in aqueous systems with 

large efficiency. Among those semiconductors assisted photocatalysts, ZnO nanomaterials have 

extensively been studied due to their high surface area and high photosensitivity [1-4]. However, 

owing to its high band gap (3.37 eV) and large exciton binding energy (60 MeV), [1]
 
the use of 

ZnO in photocatalysis is limited mainly under UV light of wavelength below 385 nm. As the 

sunlight reaching to the earth’s surface contains even less than 5% of it in the form of UV light, 

the practical application of ZnO photocatalysts is largely restricted. However, modified ZnO 

with noble metals, such as Pt, [5,6] Au, [7,8] and Ag [9]
 
possess many unique properties such as 

easy reduction, high chemical stability, and bio-affinity. In addition, noble metals also act as an 

electron sink, which can significantly enhance the photocatalytic activity in both UV and visible 

light [10-13]. Therefore, it is of high practical importance to show how the plasmonic energy can 

be converted to chemical energy when ZnO nanoflower surface has been functionalized with 

gold and silver nanoparticles. 

 Synthesis of zinc oxide nanoparticles has been reported by different groups using various 

methods such as hydrothermal synthesis, [14,15] alkali precipitation, [16,17] thermal 

decomposition, [18] organo-zinc hydrolysis, [19] etc. Yang and co-workers reported 

cetyltrimethylammonium bromide (CTAB) assisted hydrothermal synthesis of ZnO nanoflower 

using an autoclave at 120 °C [14]. Synthesis of ZnO nanorod and prism using zinc foil, NaOH, 

and CTAB at a temperature ~ 160 °C has been reported by Wang and co-workers [20]. Low-

temperature synthesis of various superstructures (ring, sheet, and platelet) of ZnO using CTAB 

has also been reported by Lee and co-workers [21]. Room temperature synthesis of flower-like 

ZnO nanostructures without using any external capping agent at alkaline pH has been reported 

by Kumbhakar and co-workers [22]. Flower-like morphology of ZnO has been found by Miao 

and co-workers using lignin amine for 5 h in the 80 °C water bath [23].  

Hence, from all the reported literature it has been quite clear that autoclave at elevated 

temperature as well as room temperature can be a useful method for the synthesis of ZnO 

particles [24-27]. Whereas, within this study, we report a simple approach for the synthesis of 

ZnO nanoflower at low temperature using CTAB as a growth controlling agent and their surface 
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modification with noble metal nanoparticles, which can work as an active and efficient 

photocatalyst covering the whole solar spectrum.  

Surface modification/decoration of ZnO with noble metal nanoparticles (Au and Ag) 

offer many potential challenges. Lee and co-workers reported the synthesis of glutathione 

protected gold nanoparticles on the surface of ZnO and their successful application in 

photocatalysis [28]. Moreover, they also reported that the size-dependent gold nanoparticles 

synthesis on the ZnO surface and their photocatalytic activity can be controlled by a size-

dependent gold capacitor [29]. Kamat and co-workers reported the synthesis of ZnO-Au 

nanoparticles and the Fermi level equilibration during the interaction between the semiconductor 

and noble metal [30]. This phenomenon is very much important to detect the role of noble metal 

in photocatalysis. They have reported the Fermi level shift towards the conduction band in a 

semiconductor in case of ZnO-Au [30]. Synthesis of Ag/ZnO heterostructures with different 

silver content using the solvothermal method and their application in photocatalysis has been 

reported by Zheng and co-workers [31]. Worm-like core-shell composites of Ag/ZnO with 

different silver content under ultrasonic irradiation have been synthesized by Jia and co-workers 

[32]. Zhou et al. reported the synthesis of the flower-like ternary heterostructure of Ag/ZnO 

encapsulating carbon spheres and photocatalytic ability has been explored by the 

photodegradation of reactive black GR and metronidazole under sunlight and visible light 

irradiation. They have compared the photoactivity of ZnO@C, Ag/ZnO, and Ag/ZnO@C and 

explained the surface plasmon effect of metal and surface photosensitizing effect of C spheres 

which improved the catalytic activity of ZnO [33]. One-pot hydrothermal synthesis of ZnO/Pd 

and ZnO/Pt have been performed by Sun et al. and proved that on a metal oxide support, noble 

metal deposition is a good approach to improve the stability of the catalyst during chemical 

reactions and also reduce the cost of noble metals [34]. Wang et al. reported the synthesis of 

flower-like ZnO/Ag nanocomposites via a simple, green and cost-efficient method and showed 

its more efficient photocatalytic activity in the degradation of MB than pure ZnO under visible 

light irradiation [35]. 

In general, pure ZnO shows less reactivity as photocatalyst due to the lack of electron and 

hole trapping agents at conduction and valence band, respectively. Upon modification with noble 

metals (Au and Ag), the photocatalytic activity of ZnO significantly increases, as the metal 

centers act as an electron sink/trap on the semiconductor surface [10-13]. Moreover, due to the 
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difference in work function values of different metals, metal semiconductor heterostructure 

exhibits variable catalytic efficiency in photocatalysis upon irradiation of visible and UV light 

[9]. Therefore, for a better understanding of the effect of noble metals on ZnO nanoparticles and 

their Fermi level shift, we explore a simple and facile approach for the decoration of Au and Ag 

nanoparticles on ZnO surface and investigate their application in organic pollutant degradation 

[34,35].
 
However, a comparative study of the decoration of both Au and Ag nanoparticles on 

ZnO surface and their photocatalytic effect using UV and visible light is still missing which has 

been reported within this chapter.   

In this chapter, we report a solution based one-step synthesis of ZnO nanoflower at a 

relatively lower temperature (~ 80 °C), using cetyltrimethylammoniumbromide (CTAB) as a 

growth controlling agent. Afterward, the noble metals (Au and Ag) were deposited on the surface 

of ZnO nanoflower using hydrazine hydrate as a reducing agent. The as-synthesized ZnO/Au and 

ZnO/Ag heterostructure nanoparticles are characterized using UV-vis, PL, XRD, XPS, FESEM, 

TEM, and EDS techniques. The detailed mechanism for the growth of ZnO nanoflower, 

ZnO/Au, and ZnO/Ag is thoroughly discussed. Photocatalytic performance of the as-prepared 

catalysts was evaluated by using a cationic dye, methylene blue (MB) and phenol in water, under 

illumination of UV and visible light. The main importance of this work is to modify ZnO flower 

surface with gold and silver nanoparticles and to find out their Fermi level shift towards the 

conduction band of the semiconductor, which can influence the photoactivity of ZnO. The key 

role of the noble metal (Au and Ag) on ZnO surface is also examined in dye degradation 

reaction. Finally, scavenging experiment using some scavengers is executed to know the 

degradation mechanism. 

 

3.2 Experimental Section 

 

3.2.1 Synthesis of ZnO Nanoparticles 

  

 ZnO nanoparticles were synthesized using the following procedure. Firstly, in a 500 mL 

beaker, an equal volume of (4 ml) of zinc sulphate (1 M) and CTAB (1 M) solutions were 

dissolved in 400 mL water so that the final concentration of both was 0.01 M and stirred well. 

Afterward, the whole solution was kept on a water bath at ~ 80 °C for ~ 5 h and without stirring. 
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Secondly, 2 mL of concentrated ammonia solution (directly from the bottle) was added to the 

above solution and the pH was maintained ~ 10. Immediately, the whole solution was cloudy, 

which was due to the formation of zinc hydroxide. Finally, white powder of ZnO was formed 

and precipitated. The white precipitate was collected and washed two times with water and dried 

well in air. 

 

3.2.2 Synthesis of ZnO/Au and ZnO/Ag Nanoparticles 

 

 Deposition of Au and Ag on ZnO surface was done by the following procedure. At first, 

in a 100 mL beaker, 100 mg of the as-synthesized white ZnO powder was dispersed well in 10 

mL water by sonication for ~ 30 min. Secondly, 10 mL of 1×10
-2

 M HAuCl4 was added to the 

above-dispersed ZnO solution, so that the final concentration of HAuCl4 was maintained at 

0.5×10
-2

 M with continuous stirring but without the addition of any extra growth controlling 

agent. As a result, in the above solution the weight ratio of ZnO:AuCl4
‒
 was 2.5:1. The whole 

solution was stirred well for ~ 2 h so that the HAuCl4 was adsorbed well on ZnO surface. 

Afterward, the HAuCl4 adsorbed ZnO precipitate was collected and washed several times with 

water to drain out the excess HAuCl4 from the solution. In the third step, the precipitate was re-

dispersed again in 20 mL water followed by addition of 0.2 mL of 1 M hydrazine hydrate within 

the solution with continuous stirring. Au nanoparticles were deposited on to the surface of ZnO 

particles which results in a purple colored precipitate formation. Finally, this purple color 

powder was collected and washed with deionized water twice and dried well for further 

characterization and application. 

 ZnO/Ag nanoparticles were synthesized using the same protocol described for ZnO/Au 

nanoparticles, except AgNO3 was used instead of HAuCl4 where a yellow color precipitate was 

obtained.  

 

3.3 Results and Discussion 

 

3.3.1 Characterization 

  

 All as-synthesized nanoparticles are very stable and used for other characterizations 

which have been discussed in the following.   
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3.3.1.1 Optical Characterization  

  

 Figure 3.1 shows the absorption spectra of the ZnO, ZnO/Au, and ZnO/Ag nanoparticles 

in the ultraviolet-visible spectral region. ZnO exhibits a sharp band at 369 nm, which 

corresponds to the formation of ZnO particles. From the absorption spectrum of ZnO an 

estimated optical band gap can be derived using the following equation:              

Ep = K(Ep - Eg)
1/2

 

where α stands for the absorption coefficient, K is a constant, Ep is the discrete photo energy, and 

Eg is the band gap energy. A classical Tauc approach is further employed to estimate the Eg value 

of ZnO nanoparticles [36-38]. A plot of (Ep)
2
 vs. Ep is shown within the inset of Figure 3.1. 

The extrapolated straight line of this plot meets the Ep axis at  = 0 which represents the 

absorption edge energy corresponds to the band gap (Eg) of the material. The band gap value of 

ZnO from the experimental data was calculated to be 3.12 eV, which is in good agreement with 

the value reported in the literature [39]. 

 

 

 

Figure 3.1 UV-vis absorption spectra for ZnO, ZnO/Au, and ZnO/Ag nanoparticles, where 

all the powder samples were dispersed in water and sonicated for ~20 min. Aqueous 

solution was used for background subtraction whereas. 1.0 cm cuvette was used for UV-Vis 

measurement. Here, all absorbance values are in arbitrary unit and each spectrum 

corresponds to different absorbance (not in relative scale). From the UV-vis spectrum of 

ZnO, inset shows (Ep)
2
 vs. Ep plot for band gap (Eg) calculation of ZnO nanoparticles 
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 In case of ZnO/Au, spectroscopy shows two bands at 378 nm and 560 nm, respectively. 

The band position at 378 nm corresponds to the presence of ZnO whereas the other band 

represents the formation of Au nanoparticles. For ZnO/Ag samples a broad band at 450 nm, 

representative of the Ag nanoparticles appears along with the unshifted band at 369 nm for ZnO 

particles. The shift in ZnO band position in the case of ZnO/Au nanoparticles can be attributed to 

the higher electronegativity of gold compared to that of silver. As a result, gold withdraws 

electron density more towards itself, which finally affect the movement of the band position of 

ZnO. In addition, a significant decrease in absorbance intensity of ZnO peak at 369 nm for 

ZnO/Au and ZnO/Ag have also been observed, which indicates the presence of gold and silver 

on ZnO surface. Therefore, the presence of UV and visible absorbance maxima both for ZnO/Au 

and ZnO/Ag clearly demonstrates that the material becomes photoactive in both UV and visible 

light region.  

 

 

 

Figure 3.2 Room temperature photoluminescence spectra of ZnO, ZnO/Au, and ZnO/Ag 

nanoparticles. All the powder samples were well dispersed in water using a sonicator for 

PL measurements using an excitation wavelength (ex) of 325 nm 

 

Room-temperature PL spectra of the ZnO, ZnO/Au, and ZnO/Ag are shown in Figure 

3.2, which was obtained with an excitation wavelength of 325 nm. For all the nanoparticles three 

bands are observed in PL spectrum: (a) UV near-band-edge emission peak at 378 nm, (b) small 

band at 467 nm, and (c) a broad green light emission at 560 nm. The green emission peak is 
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commonly referred to a deep level of trap-state emission [40]. More precisely, the green 

transition has been attributed to the singly ionized oxygen vacancy in ZnO and the emission 

results from the radiative recombination of a photogenerated hole with an electron occupying the 

oxygen vacancy [40,41].
 
The stronger intensity suggests the presence of higher singly ionized 

oxygen vacancies in ZnO [29]. When ZnO is modified with metal nanoparticles, the intensity of 

all the three bands decreases, which states that the electrons and holes are more separated and 

recombination process is inhibited. The relatively lower intensity bands for the case of ZnO/Au 

prove the inhibited electron-hole pair recombination is maximum for the ZnO/Au nanoparticles. 

However, the shifting of UV near-band-edge emission peak at 367 nm for ZnO/Au is still not 

well understood. 

 

3.3.1.2 XRD Analysis of ZnO, ZnO/Au, and ZnO/Ag Nanoparticles   

 

 The crystallinity, phase, and purity of the as-prepared samples were determined by 

powder x-ray diffraction (PXRD). Typical PXRD patterns of the as-synthesized ZnO, ZnO/Au, 

and ZnO/Ag particles are shown in Figure 3.3.    

 

 

 

Figure 3.3 Powder X-ray diffraction patterns of ZnO, ZnO/Au, and ZnO/Ag nanoparticles. 

During scan 2θ values varies from 20-80° and the scanning rate was fixed at 2° per min 
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Nine major reflection peaks appear at 2θ values of 31.80, 34.41, 36.21, 47.52, 56.53, 

62.74, 67.80, 69.11, and 77.46 which corresponds to the (100), (002), (101), (102), (110), 

(103), (112), (201), and (202) crystal planes of the hexagonal ZnO structure, respectively. All 

these peaks of the ZnO nanoparticles can be indexed to wurtzite (hexagonal) structure of ZnO 

(JCPDS card No. 36-1451) [14]. The absence of characteristic impurity peaks such as Zn(OH)2 

and unhydrolyzed Zn(II)-sulphate indicate a high-quality ZnO nanoparticles. 

The PXRD patterns of ZnO/Au exhibits three additional peaks at 2θ values of 38.23, 

44.38, and 64.7 corresponds to the (111), (200), and (220) crystal planes of Au, respectively, 

which confirm the formation of gold nanoparticles on ZnO surface [42]. PXRD pattern of 

ZnO/Ag shows a clear peak at 38.05, which is due to the presence of (111) crystal plane of 

silver particle on ZnO surface. The other two peaks at 44.38 and 64.7 for (200) and (220) 

crystal planes of Ag are not clear [31]. All these PXRD findings clearly indicate the formation of 

metal nanoparticles. Au and Ag particle sizes were calculated using Debye Scherrer formula, 

which represents 20 nm and 32 nm for Au and Ag nanoparticles, respectively.  

 

3.3.1.3 Surface Characterizations          

  

The morphological analysis of the as-synthesized samples was carried out using an 

FESEM, which is depicted in Figure 3.4. ZnO particles show flower shaped structures having 

diameter of 600 nm (length) of the petal. Figure 3.4.a and b show a surface overview and closer 

look FESEM images of ZnO particles, respectively, which contain a sharp petal with breadth of 

220 nm for only one petal in ZnO nanoflower. High resolution SEM image clearly shows a little 

surface roughening of the ZnO flower petals. A similar kind of flower-like structure has also 

been reported by Yang and co-workers, where they used a saturated CTAB aqueous solution at 

~120 
o
C for 20 h and a teflon-lined stainless steel autoclave [14]. Whereas, in this study, ZnO 

particles were synthesized in a much simpler way, using water bath at ~ 80 °C for 5 h.  

FESEM images of gold and silver nanoparticles, deposited on ZnO surfaces are shown in 

Figure 3.4.c and d, respectively. Randomly scattered spherical particles with uniform size-

distribution of gold and silver were nicely resolved on ZnO surface. From the FESEM images, it 

has been observed that the average particle diameter for gold is about 30 nm, whereas for silver it 

rises to 40 nm. Hence, from the above findings we can conclude that the synthesis of ZnO/Au 
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and ZnO/Ag nanoparticles by a simple wet-chemical method, using hydrazine hydrate as 

reducing agent, is very much useful.  

  

 

 

Figure 3.4 FESEM images of ZnO nanoparticles: (a) large scale overview and (b) closer 

look of bare ZnO nanoflowers. High-resolution FESEM images of (c) ZnO/Au and (d) 

ZnO/Ag. Particle sizes for Au and Ag were measured using randomly chosen ~ 30 particles 

 

 

 

Figure 3.5 (a) TEM and (b) HRTEM images of ZnO nanoparticles. HRTEM image was 

used to calculate the fringe spacing 
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 Figure 3.5.a shows the TEM image of flower shape structure of the ZnO nanoparticles. 

TEM result also confirms the presence of sharp petal with an average size of 600 nm long 

(length) and 230 nm (breadth) diameter as well as little surface roughening of the petal structure. 

High resolution TEM image of ZnO particle is shown in Figure 3.5.b, which clearly depicts 

lattice fringes of ZnO with an interplaner spacing of ‘d’ = 0.26 nm, which matches well with the 

spacing between (002) crystal planes of ZnO. This finding of (002) plane oriented growth of 

ZnO corroborates well with the earlier PXRD results. 

Figure 3.6.a represents the TEM image of ZnO/Au nanoparticles, which strongly 

suggests that the formation of spherical gold nanoparticles randomly distributed on the surface of 

ZnO. An HRTEM image of ZnO/Au is shown in Figure 3.6.b, which further confirms the 

presence of both ZnO and gold nanoparticles. The interplaner spacing ‘d’ of 0.24 nm and 0.26 

nm exhibits the presence of (111) plane of gold nanoparticles on (002) plane of ZnO surface, 

respectively.  

 

 

 

Figure 3.6 (a) TEM and (b) HRTEM images of ZnO/Au nanoparticles. Fringe spacing for 

ZnO and Au were separately calculated using HRTEM image 

 

A similar kind of TEM and HRTEM images of ZnO/Ag are presented in Figure 3.7.a 

and 3.7.b. It is observed that, the spherical silver particles are well distributed on ZnO surface. A 

clear contrast of fringe spacing was observed between the ZnO and silver particles. Separate 

lattice fringes were observed for ZnO and silver with the value of ‘d’ of 0.26 nm and 0.23 nm, 

which can be assigned to the presence (111) planes of silver on (002) ZnO surface. All TEM 
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images for the as-synthesized particles are in good agreement with FESEM findings. Both 

FESEM and TEM images clearly indicate a higher density of metal nanoparticles for of ZnO/Au 

compare to the ZnO/Ag. 

 

 

 

Figure 3.7 (a) TEM and (b) HRTEM images of ZnO/Ag nanoparticles.  Fringe spacing for 

ZnO and Ag were separately calculated using HRTEM image 

 

 

 

Figure 3.8 EDS Spectrum of (a) ZnO/Au and (b) ZnO/Ag nanoparticles  

  

Finally, EDS analysis of ZnO/Au and ZnO/Ag for selected area also confirms the 

presence of Zn, O, Au, and Ag, which is shown in Figure 3.8. The EDS signal of Au and Ag are 

very uniform in the observed area, indicating the completely random distribution of gold and 

silver nanoparticle on ZnO surface.  
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3.3.1.4 X-ray Photoelectron Spectroscopy 

 

As a surface monitoring technique, XPS was employed to further support the formation 

of ZnO, ZnO/Au, and ZnO/Ag nanoparticles. The high-resolution XPS spectra of Zn
2+

 and O
2-

 

regions of ZnO particles, synthesized by wet chemical technique are shown in Figure 3.9.a and 

b. The binding energy positions for Zn
2
P3/2 and Zn

2
P1/2 are obtained at 1022.1 eV and 1045.1 eV, 

respectively. The difference in binding energy between two Zn peaks is about 23.0 eV, which 

matches well with the earlier reported value [42]. The O1s peak shows the binding energy 

position at 530.6 eV. All these findings clearly suggest the formation of ZnO [42,43].
  

 

 

 

Figure 3.9 (a) High-resolution X-ray Photoelectron spectrum of Zn and (b) High-resolution 

X-ray Photoelectron spectrum of O
 

 

 

 

Figure 3.10 High-resolution XP spectra of (a) ZnO/Au and (b) ZnO/Ag samples deposited 

on conducting carbon tapes. XPS peak positions were referenced to the C1s peak at 284.5 

eV 
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The high-resolution XP spectra of ZnO/Au and ZnO/Ag are shown in Figure 3.10.a and 

b. The Au 4f7/2 and 4f5/2 binding energy peaks are centered around 83.04 eV and 87.14 eV, 

respectively, which are consistent with those for bulk Au at 83.95 eV and 87.68 eV, indicating 

the formation of Au(0) nanoparticle on the surface of ZnO using hydrazine hydrate as reducing 

agent [44,45].  

Similarly, for ZnO/Ag, the binding energy peaks are located at 373.71 eV (3d3/2) and 

368.33 eV (3d5/2), favouring the formation of Ag(0) nanoparticles. The binding energies for 

Ag(0) are matches well with the reported literature values for bulk Ag at 373.4 eV and 368.22 

eV, respectively [44,46]. From these binding energy values of gold and silver it has been 

observed that, there is negligible shift of binding energies (gold and silver) on ZnO surface as 

compared to their bulk. 

 

3.3.2 Mechanism of Formation of ZnO, ZnO/Au, and ZnO/Ag Nanoparticles 

 

 The mechanism of the formation of ZnO particles in alkaline medium is given below.  

At alkaline pH, available OH
-
 ion in the aqueous solution initially reacts with Zn

2+
 ion 

and introduces the formation of Zn(OH)2. At pH 10, Zn(OH)2 is the main colloid species in the 

solution. During hydrolysis at ~ 80
 
°C, part of Zn(OH)2 colloid dissolves into Zn

2+
 and OH

-
 

within the solution, which creates the formation of ZnO nuclei. Furthermore, at alkaline pH, 

Zn(OH)2 further reacts with OH
-
 ion and therefore [Zn(OH)4]

2-
 is formed. Finally, at elevated 

reaction temperature (~ 80 °C), the growth of ZnO nanoflower initiates in presence of CTAB due 

to the coulomb attraction between the cationic charge CTAB and anionic [Zn(OH)4]
2-

 species 

[14]. The overall reaction for the formation of ZnO is shown below: 

 

                    

                       
   

          
               

 

 To understand the effect of alkaline medium on formation of ZnO particle, a similar kind 

of reaction was also carried out in absence of ammonia solution. Surprisingly, no ZnO particle 

was found (Scheme 3.1). In case of surfactant assisted synthesis of ZnO, surfactant plays a 

crucial role and acts as a driving force for the formation of ZnO nanoflower [14]. Therefore, to 
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know the role of CTAB in nanoflower formation, hydrothermal experiment was conducted 

without CTAB, which results in the formation of largely agglomerated ZnO particles instead of a 

flower-like morphology. The FESEM image of the agglomerated form of ZnO is shown in 

Figure 3.11. 

 

 

 

Scheme 3.1 The overall mechanism of ZnO/Au and ZnO/Ag nanoparticle formation on 

ZnO nanoflower surface. Here, WB represents water bath 

 

Without the CTAB, there was no growth directing agent. As a result, larger particles are 

randomly deposited. From Figure 3.11, it is well understood that the role of CTAB is very 

important for the formation of ZnO flower. Therefore, CTAB is very much essential to generate 

the flower like morphology of ZnO. Yang and co-workers also reported the formation of pointed 

sword-like ZnO nanoparticle (~100 nm) instead of a flower-like morphology, without using the 

CTAB [14]. The same group also reported at lower growth temperature (120 °C), there was not 

enough driving force for the growth of similar sword-like ZnO nanorods [14]. 
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Figure 3.11 FESEM image of ZnO nanoparticles synthesized without CTAB, agglomerated 

particles of ZnO 

 

In order to comprehend the complete growth mechanism of ZnO nanostructures in 

presence of CTAB, a time-dependent analysis of growth features was conducted using FESEM 

analysis as can be seen in Figure 3.12. During synthesis, ZnO powder samples were collected at 

intervals of 1 h, 3 h, and 5 h, respectively, from the reaction container. Figure 9a represents the 

FESEM image of ZnO after 1 h of synthesis, which shows the formation of spherical particles 

and initiates the formation of ZnO flower. After 3 h of synthesis, ZnO nanoflower formation was 

started but the growth uniformity was not observed (Figure 3.12). Finally, the complete 

growth/formation of ZnO flower was ended after 5 h of synthesis, as shown in Figure 3.12. Even 

longer synthesis does not make any significant changes of the ZnO flower morphology. 

Therefore, the optimization of reaction time and the role of CTAB during the formation of ZnO 

were confirmed by growth study. 

 

 
 

Figure 3.12 FESEM images of ZnO nanostructure synthesis after (a) 1 h, (b) 3 h, and (c) 5 

h 
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 For the formation of ZnO/Au and ZnO/Ag particles, the as-synthesized ZnO 

nanoparticles were well dispersed in aqueous medium and as source materials of Au and Ag 

nanoparticle, HAuCl4 and AgNO3 were used. Weak van der Waals force or electrostatic 

interaction may act as a driving force behind the absorption of metal ions on the surface of ZnO. 

Finally, the adsorbed AuCl4
‒
 and Ag

+
 ions were reduced and deposited randomly on the surface 

of ZnO using hydrazine hydrate as a reducing agent. Though similar synthetic approaches were 

used for Au and Ag, the density of deposited Au nanoparticles was higher than that of Ag, which 

presumably due to higher affinity of AuCl4
‒
 than Ag

+
 towards ZnO surface.  

This higher affinity of AuCl4
-
 ion could be explained from zeta-potential analysis of ZnO 

particles. The zeta-potential value of ZnO is (+)25.4±0.63 mV, which confirms a positively 

charged ZnO surface which is stabilized in the ambient of cationic charge CTAB [14]. Hence, a 

strong electrostatic interaction between the positively charged ZnO and negatively charged 

AuCl4
-
 is expected which results in a high density of Au nanoparticle on ZnO surface. Whereas, 

on the other hand, Coulomb repulsion between Ag
+
 ion and ZnO significantly exists. However, 

the diffusion energy successfully overcomes the electrostatic repulsion and finally Ag 

nanoparticles can deposit on ZnO surface. It is quite clear that the driving force for Ag 

deposition is much weaker compare to the Au, and hence a lower particle density for Ag is 

observed. Zhu and co-workers also reported a high density of Au nanoparticles on ZnO using 

electrochemical deposition [42]. The overall mechanism behind the formation of ZnO/Au and 

ZnO/Ag nanoparticle on ZnO nanoflower are explained as can be find in Scheme 3.1.  

 

 

 

Figure 3.13 FESEM image of ZnO/Au using sodium borohydride (non-uniform deposition 

of Au nanoparticles) 
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To substantially understand the role of hydrazine hydrate, a similar kind of experiment 

was carried with sodium borohydride as reducing agent. A large and agglomerated particles of 

Au and Ag were observed on the surface of ZnO nanoflower. Figure 3.13 shows the FESEM 

image of ZnO/Au using sodium borohydride where the Au nanoparticle appear in large, non-

uniform, and aggregated nature. Trisodium citrate and ascorbic acid were also used as reducing 

agent but there were no desirable nanoparticle formation in the followed reaction condition. 

Therefore, it is well understood from our findings that hydrazine hydrate can be used as a 

reducing agent to deposit uniform Au and Ag nanoparticles on ZnO surface. 

 

3.3.3 Photocatalysis Study 

  

  To examine the photocatalytic activity, MB was chosen as a probe molecule. To study 

the photocatalytic effect, 4.0 mL of 5×10
-5 

M MB and 50 mg catalyst were collected in 16 mL 

water. Prior to any irradiation, the aqueous solution of MB and catalyst were agitated 

continuously at room temperature for ~ 40 min using a sonicator, so that MB was adsorbed well 

on the catalytic surface. After agitation, the reaction mixture was kept under a UV/visible light to 

initiate the reaction with continuous stirring and the distance between the light source and 

reaction mixture was fixed at ~ 20 cm. The UV light was provided by a UV lamp with major 

emission at λ = 365 nm whereas visible light was supplied using a tungsten lamp of 60 W, which 

emits a continuous spectrum of light in between 300-1400 nm. During the photocatalysis 

investigation, reaction mixture was stirred continuously. Finally, at a regular irradiation time 

interval, the dye containing solution was quantified by measuring the absorbance using the UV-

vis spectroscopy. The as-synthesized nanoparticles were very stable and the morphology was 

unchanged even after prolonged photodecomposition. To check the reusability, the catalyst 

particles were collected and washed 3-4 times with deionized water.  

 Similar photocatalysis study was also performed with phenol using ZnO/Au and ZnO/Ag 

nanocatalysts. For this study, 0.8 mL of 5×10
-3 

M phenol and 50 mg catalyst were mixed in 20 

mL water. After ~ 40 min sonication of the reaction mixture, a tungsten lamp of 60 W was used 

as a vissible light source to degrade the phenol.   

 

The efficiency of dye degradation was calculated using the following equation: 
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% Degradation = (A0 - At)/A0 × 100 

where, A0 = initial absorbance and At = absorbance at time ‘t’. 

 

Figure 3.14.a, b, and c shows the visible light active dye degradation results using 50 mg 

ZnO/Au as a catalyst where tungsten lamp (60 W) was used as a visible light source. Under the 

experimental condition, ZnO/Au exhibits 99% dye decomposition within 30 min, with a rate 

constant of 0.8×10
-1

 min
-1

. It is known that the concentration of the dye at different time is 

proportional to the absorbance of the dye solution and therefore, exponential nature of 

absorbance vs. time (At/A0 vs. t) plot confirms the pseudo first order kinetics of the reaction, as 

shown in Figure 3.14.b. From the logarithmic plot of absorbance vs. time (ln At/A0 vs. t) the 

degradation rate constant ‘k’ was calculated, which is found to be 0.8×10
-1 

min
-1

, significantly 

higher than the earlier reported values for MB dye decomposition (Figure 3.14.c).  

It can be noticed that negligible amount of dye degradation occurs in visible light using 

bare ZnO particle. Even, without any catalyst MB itself has less absorption (~ 9% only) in 

visible light. Whereas, using ZnO/Ag catalyst, 40% of dye degradation can be achieved within 2 

h under same visible light, with a rate constant of 0.04×10
-1

 min
-1

 (Figure 3.15.a and b). 

 

 
 

Figure 3.14 UV-vis absorption spectra of (a) degradation of MB dye in presence of ZnO/Au 

under visible light (b) At/A0 vs. time (min) plot and (c) ln At/A0 vs. time (min) plot. During 

the photocatalysis measurements, reaction mixture was stirred continuously. Conditions: 

[MB] = 10
-5

 M and amount of catalyst = 50 mg 
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Figure 3.15 (a) Degradation of MB dye in presence of ZnO/Ag nanoparticles under visible 

light and (b) At/Ao vs. time (min) plot 

  

 Afterward, there is no change in dye degradation using ZnO/Ag and in visible light-

medium. Similar dye degradation reaction was also carried out in presence of ZnO, ZnO/Au, and 

ZnO/Ag catalysts in dark condition, which shows there is no change in the intensity of MB even 

after 3 h (Figure 3.16). This experiment confirms that the dye is not getting adsorbed on the 

surface of the catalyst. Therefore, we can conclude that the incorporation of Au nanoparticles on 

ZnO surface can drastically enhance the dye degradation rate up to 20 times as compared to Ag 

nanoparticle incorporation using visible light. 

 

 

 

Figure 3.16 Degradation of MB dye in presence of ZnO, ZnO/Au, and ZnO/Ag 

nanoparticles under dark condition 
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The higher degradation rate for metal-induced ZnO can be explained in terms of better 

separation of the electrons and holes and higher inhibition towards their recombination. This 

phenomenon of ZnO/Au is in accordance with the PL result, which proves the higher inhibition 

of electron hole pair recombination for ZnO/Au nanoparticles. From all these results it is well 

understood that the modified ZnO with Au and Ag metal nanoparticles shows significantly 

higher photocatalytic efficiency in visible light region.  

Photocatalytic activity of ZnO/Au and ZnO/Ag was also performed using another organic 

pollutant, phenol, under a visible light irradiation. Phenol, a colourless pollutant, was chosen as it 

has no absorption in the visible light range. Higher concentration of phenol, 2×10
-4 

M and 50 mg 

catalyst were used for this degradation study. Figure 3.17.a and b exhibits the decomposition of 

phenol with time, using ZnO/Au and ZnO/Ag catalyst, respectively.  

 As shown in Figure 3.17.a, ~ 96% degradation of phenol can be achieved after 6 h using 

ZnO/Au with a rate constant of 0.51 min
-1

. Whereas, ~ 72% of degradation under visible light is 

found with ZnO/Ag as shown in Figure 3.17.b. Using ZnO/Ag, the rate constant value was 0.20 

min
-1

. Therefore, a significantly faster photocatalytic performance was observed with ZnO/Au, 

2.5 times higher than ZnO/Ag. The above result proves that under visible light ZnO/Au can be a 

better catalyst than ZnO/Ag, which is matching well with the earlier MB degradation result.  

 

 

 

Figure 3.17 (a) UV-vis absorption spectra to show (a) decomposition of phenol using 

ZnO/Au catalyst, under irradiation of visible light (b) decomposition of phenol using 

ZnO/Ag under irradiation with visible light. Conditions: [phenol] = 2×10
-4

 M and amount 

of catalyst = 50 mg 
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In case of dye degradation using pure ZnO nanoparticles, a relatively higher photon 

energy (UV-light of wavelength 365 nm) as well as much longer exposure time is required for ~ 

50% of decomposition. Whereas, under illumination of UV-light for 30 min, ZnO/Au can 

successfully degrade up to 99% of the dye. In the case of ZnO/Ag nanoparticles, 95% 

degradation can be achieved for exposure duration of 3 h. UV-vis spectra of MB dye degradation 

with ZnO, ZnO/Au, and ZnO/Ag using UV light are compared within the Figure 3.18, 3.19, and 

3.20. From the kinetic plots of dye degradation with ZnO particles (At/A0 vs. t and ln At/A0 vs. t) 

it is quite clear that the reaction follows pseudo first order and the rate constant value is found to 

be 0.04×10
-1

 min
-1

.  

 

 

 

Figure 3.18 (a) Degradation of MB dye in presence of ZnO nanoparticles under UV light 

and (b) ln At/Ao vs. time (min) plot 

 

 

 

Figure 3.19 (a) Degradation of MB dye in presence of ZnO/Au nanoparticles under UV 

light and (b) ln At/Ao vs. time (min) plot 



Chapter 3 

Ph.D. Thesis Page 86 
 

 

 

Figure 3.20 (a) Degradation of MB dye in presence of ZnO/Ag nanoparticles under UV 

light and (b) At/Ao vs. time (min) plot 

 

 Using ZnO/Au, the dye degradation rate constant value is drastically improved to 0.9 × 

10
 -1 

min
-1

 while following the similar pseudo first order kinetics.  

A similar kinetics and rate constant value (0.15×10
-1

 min
-1

) is also observed with ZnO/Ag 

particles, which can be seen in Figure 3.20.a and b.  

A comparative study of ln At/A0 vs. time plot for the as-synthesized particles for MB dye 

decomposition using UV light is shown in Figure 3.21.a and b.  

This result shows that Au decorated ZnO provide maximum rate constants compare to 

that of ZnO/Ag and bare ZnO, which is in good agreement with the reported literature [10,42].  

 

 

 

Figure 3.21 Comparative study using (a) ZnO/Au, (b) ZnO and ZnO/Ag under UV light 
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3.3.4 Photocatalytic Mechanism  

 

Scheme 3.2.a represents the overall photocatalytic degradation mechanism under 

irradiation with visible light. The as-obtained visible light photocatalysis result confirms that 

ZnO/Au is a better photocatalyst than ZnO/Ag and ZnO particles, which can be explained on the 

basis of work function. The work function values of ZnO, Au, and Ag are reported as 5.2 eV, 5.0 

eV, and 4.26 eV, respectively [28,47-50]. Normally, a Schottky barrier will form, when two 

materials with different work functions are combined. Therefore, electrons will transfer from the 

lower work function material to the higher work function material [30,47-50]. In case of Au and 

Ag the Fermi level (FM) is higher than ZnO Fermi level (FMO) because of its higher work 

function. This directs the transfer of electron from the Au and Ag Fermi level to the ZnO Fermi 

level, till it reaches the equilibrium and form a new equilibrium Fermi level (FEq).  

Upon irradiation with visible light, the electrons in FEq were injected quickly to the 

conduction band (CB) of ZnO via a surface phonon resonance (SPR) mechanism, leaving behind 

holes on the metal surface. Now, the injected electrons in CB reacts with dissolve oxygen to 

produce superoxide radical anion (O2
‒•

), which can subsequently react with H2O to give 

hydroxyl radicals (OH
•
) in a consecutive reaction pathway [31,49]. These superoxide radical 

anion and hydroxyl radicals are responsible for the decomposition of MB dye and phenol 

pollutant under visible light irradiation [28]. Therefore, due to higher work function of Au as 

compared to Ag, ZnO/Au can act as a better photocatalyst than ZnO/Ag [47-49]. As the 

formation of reactive radical species is much faster in ZnO/Au compared to the ZnO/Ag, which 

is also directly correlated with photocatalytic activity, the ZnO/Au particle shows a superior 

activity. This result is well corroborated with the lower intensity of ZnO/Au than ZnO/Ag in PL 

study (Figure 3.2).   

Scheme 3.2.b demonstrates the degradation mechanism upon irradiation with UV light 

using ZnO, ZnO/Au, and ZnO/Ag catalysts. In case of ZnO, during illumination with UV light 

valence band (VB) electrons get excited and move to the CB, leaving behind holes (h
+
) in the VB 

of the semiconductor particles. Then the excited electrons in CB react with dissolve oxygen to 

produce superoxide radical anions (O2
‒•

), which can subsequently react with H2O to provide OH
•
 

radicals in a consecutive reaction pathway [31]. At the same time, the holes in VB react with 

surface OH
‒
 ion or adsorbed H2O molecule to produce the reactive OH

•
 radicals. These O2

‒•
 and 
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OH
•
 radicals are also responsible for the further degradation of dye molecules [9,51]. As a result, 

the dye molecules finally degrade to CO2 and H2O. On the other hand, with ZnO/Au and 

ZnO/Ag, the presence of Au and Ag nanoparticles effectively adsorb electrons from CB and 

hence prevent the immediate recombination process [52]. Here, Au and Ag nanoparticles are 

used as surface traps, which usually capture the electrons from the ZnO surface and utilizes for 

dye degradation [10-13]. Successive electron transfer will be favorable with the suitable junction 

formation between ZnO and metal nanoparticle (Figure 3.6.b, 3.7.b). 

 

 

 

Scheme 3.2 The overall dye degradation mechanism under irradiation of (a) visible light 

and (b) UV light, with ZnO/Au and ZnO/Ag nanoparticles. Here, VB = valence band, CB = 

conduction band, FMO = Fermi level of metal oxide, FM = Fermi level of metal, FEq = Fermi 

level of equilibrium, and M = Au and Ag   

 

 Therefore, the deposited metal nanoparticles (Au and Ag) can act as an electron sink or 

trap on the surface of ZnO particles [30]. Under the same conditions, the higher work function 

value of Au as compared to Ag make ZnO/Au more-effective for electron acceptor [47-49]. As a 

result, ZnO/Au exhibits better photocatalytic efficiency in comparison with ZnO/Ag and ZnO. 

This result is also in line with PL study of ZnO/Au and ZnO/Ag particles (Figure 3.2). The 

overall reaction during photocatalysis with visible and UV light are shown below.  
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To further investigate the photocatalytic mechanism with better clarity or to understand 

the actual involvement of the species (e
‒
 or h

+
) for the dye degradation, several scavenging 

experiments were systematically performed. Ammonium oxalate (AO) and tertiary butyl alcohol 

(TBA) were used for hole and OH
‒/e‒

 scavenger, respectively. While doing the photocatalysis 

reaction, 0.1 g of AO and 2 mL of TBA were added to the solution, prior to any addition of 

catalyst while keeping the other parameters unaltered. It can be noted that the photocatalytic 

activity of ZnO/Au decreases significantly with the addition of both AO and TBA under a visible 

light source. A significant decrease is also noticed when AO was added, which behave as hole 

scavenger. For ZnO/Au, all photocatalytic studies were performed for 30 min. In presence of 

AO, ZnO/Au catalyst shows 36.67% dye degradation when illuminated with visible light, 

whereas, with TBA 86.82% dye degradation was observed. Therefore, from this finding, it can 

be concluded that the holes play an important role towards dye degradation under visible light. 

On the other hand, in presence of UV-light, photodegradation rate is significantly decreased for 

both ZnO/Au and ZnO/Ag when AO and TBA were added. In presence of AO and TBA 

degradation of only 39.41% and 36.87% dye are observed with ZnO/Au in presence of UV light. 

Whereas, for ZnO/Ag catalyst, the amount of dye degradation increased to 68.18% and 42.45%, 

respectively. This photodegradation result confirms that the photogenerated holes and electrons 

both can play a major role when catalysis experiments are performed under UV light. The overall 

scavenging results match well with the earlier literature for both UV and visible light [32,53]. 

 

3.3.5 Reusability of the Catalyst Particles 

 

 The reusability of ZnO/Au nanoparticles as a photocatalyst in dye decomposition process, 

have also been tested using a visible light source. The catalyst particles were centrifuged and 

washed thoroughly before using for each cycle. The photodegradation experiments were repeated 

for three times with visible light and the corresponding degradation results show 94.7%, 86.2%, 
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and 76.4% of dye degradation for first, second, and third cycle, respectively. Figure 3.22.a 

represents the percentage of degradation after 30 min as a function of cycle number, which 

confirms that the catalysts remain stable even after third cycle.  

 After photocatalysis, the crystal structure of the ZnO, ZnO/Au, and ZnO/Ag catalyst 

particles was confirmed with the help of PXRD and the result is shown in Figure 3.22.b. The 

reusability of ZnO/Au and ZnO/Ag catalysts using UV light has also been examined and the 

results confirm its activeness even after third cycle, as can be seen in the, Figure 3.23.  

 

 

 

Figure 3.22 (a) Percentage of degradation vs. number of cycle plot for ZnO/Au 

nanoparticles after 30 min exposure under a visible light source. The catalyst particles were 

centrifuged and washed well before each cycle of use and (b) powder X-ray diffraction 

patterns of ZnO, ZnO/Au, and ZnO/Ag nanoparticles after reusability of catalyst  

 

 

 

Figure 3.23 Reusability test with ZnO/Au and ZnO/Ag nanoparticles using UV light 
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3.4 Conclusion 

 

In summary, a surfactant assisted simple and convenient method is developed for the 

preparation of ZnO nanoflower. This ZnO nanoflower surface is further modified with Au and 

Ag metal nanoparticle which significantly improves the catalytic behaviour of the material. 

Characterizations accomplish using UV, PL, PXRD, FESEM, TEM, EDS, and XPS techniques 

very much confirms the formation of nanometer scale Au/Ag dots of homogeneous size and 

density on top of the flower-like ZnO surfaces. Photodegradation tests using MB dye in presence 

of UV and visible light ensures a drastic improvement of the catalytic efficiency and 

photoreactivity of the material after introducing the metal nanoparticles. Scavenging experiments 

with different scavengers significantly help to understand the underlying mechanism of the 

reactive species (holes and electrons) involved in photodegradation reaction. Finally, the entire 

study has a large scale impact and remarkable application on treatment of dye effluents from the 

textile industries. Therefore, it can be concluded that our investigations can provide a new 

avenue for the controlled synthesis of size and shape dependent Au and Ag nanoparticles on a 

semiconductor surface, which can widely be used in electrocatalysis, water splitting etc. 
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Chapter 4 

  

Shape-dependent Synthesis of ZnO on 

Graphitic-Carbon Nitride Support for 

Photocatalytic Activity under Visible 

Light 
 

 A simple wet-chemical approach for the synthesis of morphology-dependent (dumbbell 

and cone) ZnO nanostructure on g-C3N4 surface using different hydrolyzing agents has 

been reported successfully. 

 The heterostructure g-C3N4/ZnO used as a visible  light driven photocatalyst to 

degrade MB and phenol. 
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Abstract 

 

 Shape-dependent synthesis of ZnO has been developed on the surface of g-C3N4 

following a simple and reproducible strategy. Initially, graphitic-carbon nitride (g-C3N4) 

was synthesized by pyrolysis of urea which was further used to grow ZnO nanostructures 

via refluxing condition. Different hydrolyzing agents, such as hexamethylenetetramine 

(HMT) and ammonia were used to synthesize dumbbell and cone structures, respectively. 

Apart from hydrolyzing agents, cetyltrimethylammoniumbromide (CTAB) was also used 

as a growth controlling agent. Structural, morphological and optical characterizations of 

the as-synthesized materials were performed by using FESEM, TEM, XRD, XPS, UV-vis 

etc. techniques. After successful synthesis, the as-synthesized heterostructures were 

explored as visible light driven photocatalysts towards the organic pollutant (methylene 

blue and phenol) degradation. Photocatalytic performance of bare ZnO, dumbbell and 

cone structures of g-C3N4/ZnO as well as g-C3N4, have been examined thoroughly. 

Photocatalytic results revealed that g-C3N4/ZnO heterostructures exhibit a higher 

efficiency under the illumination of visible light as compared to pure g-C3N4. Superior 

photodegradation activity of g-C3N4/ZnO heterostructure originated from the synergistic 

effect and high charge separation at the interface of g-C3N4 and ZnO has also been 

discussed. 
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4.1 Introduction 

 

 Carbon nitride has attracted enormous attention in the field of material science, since Liu 

and Cohen guess that carbon and nitride are good applicants for the intense rigidity of materials 

[1]. Unique layered structure and a characteristic electronic band structure of carbon nitride 

(C3N4) make it stable at ambient condition. Owing to their exclusive physicochemical properties, 

such as rigidity, light weight, chemical inertness, water resistivity, and biocompatibility, C3N4 

has been regarded as one of the promising materials for surface functionalization, light emitting 

devices, and metal free electrocatalysis and photocatalysis [2-7]. Among the various allotropes of 

polymeric C3N4, graphite like carbon nitride (g-C3N4) is a promising and most stable allotrope. 

Graphitic (g)-C3N4 as an analogue of graphite has attracted considerable interests because of its 

suitable band alignment for water splitting, selective oxidation reactions, and environment 

pollutant degradation [2,8-10]. Interestingly, the matrix of g-C3N4 can offer active sites for 

binding with many organic/inorganic compounds or metals, which supply a convenient route to 

functionalize g-C3N4 surface with high reactivity [8,11-13].  

 g-C3N4 represents an important class of conjugated polymeric semiconductors [14].
 

Similar to graphene, g-C3N4 possesses π-conjugated electronic structure with a band gap of 2.7 

eV [2-5,8,9,15].
 
g-C3N4 is a layered metal-free semiconductor with an interlayer distance of 

about 0.33 nm (single layer of g-C3N4) [6]. Bulk g-C3N4 can easily be prepared by 

polycondensation reaction of organic precursors, e.g., urea, cyanamide, dicyandiamide, and 

melamine. Liu and co-workers demonstrated a large-scale production of g-C3N4 by pyrolysis of 

urea using different reaction temperatures and times. They have also reported the photocatalytic 

activity of g-C3N4 in dye degradation using visible light [13]. Another simpler approach for the 

synthesis of polymeric g-C3N4 using urea as precursors and their application in rhodamine B 

(RhB) dye degradation using visible light has been reported by Dong and co-workers [12]. 

Surfactant (Pluronic P123) assisted synthesis of porous g-C3N4 using melamine has been 

reported by Yan and co-workers, where they found a significant improvement in the 

photocatalytic H2 evolution from water using visible light [16]. Wang and co-workers [9] 

reported chemically and thermally stable polymeric carbon nitride, a metal free photocatalyst 

with high capability, to generate hydrogen from water. Additionally, they have modified the 

carbon nitride with small amount of Pt metal to vary the hydrogen production with better activity 



Chapter 4 
 

Ph.D. Thesis Page 99 
 

and minimized experimental error. However, low quantum efficiency for Pt modified C3N4 

surface has also been observed [9]. 

 The photocatalytic performance of bare g-C3N4 is limited due to the high recombination 

rate of the photogenerated electron-hole pairs [17-21]. This restricted photocatalytic performance 

of g-C3N4 can be enhanced by synthesizing porous structures, [20-23] doping and/or coupling of 

g-C3N4 with transition metals, metal oxides and sulphides, and active protonation [19,24-28]. To 

increase the separation between photogenerated electron-hole pairs and to promote the 

photocatalytic activity, researchers have coupled g-C3N4 with ZnO, TiO2, CdS, ZnWO4, BiPO4,
 

Bi2WO6, and Ag2O semiconductors [20-29]. Hence, efforts have been given to suppress the rate 

of recombination of charge carriers and improving the consumption of solar light, by combining 

two semiconductors. ZnO is an UV-light active and large exciton binding energy (60 MeV) 

material with Eg = 3.37 eV that also limits the practical application in visible light photocatalysis 

[30]. Sun and co-workers [20] reported a calcination process for the synthesis of a composite g-

C3N4-ZnO as visible light photocatalysts with variable amount of ZnO, which they have utilized 

for methyl orange and p-nitrophenol photodegradation using visible light with 3-6 times better 

activity as compared to bare g-C3N4 [20]. The improved photocatalytic activity and optimum 

synergistic effect of ZnO hybridized g-C3N4 has also been reported by Wang and co-workers 

[21]. Synthesis of core-shell nanoplates of N-doped ZnO/g-C3N4 via ultrasonic dispersion 

process and their excellent visible light photocatalytic activity has been reported by Kumar and 

co-workers, [30] which was due to the less electron-hole pair recombination at the interface of 

N-doped ZnO/g-C3N4. Liu and co-workers [31] reported the synthesis of g-C3N4/ZnO composite 

by deposition-precipitation technique, which has been used as a visible light active photocatalyst 

with a first-order kinetics for both photooxidation and photoreduction reaction. Synthesis of g-

C3N4/ZnO nanotube by electrochemical methods and their improved photoelectrochemical 

properties due to synergistic effect between g-C3N4 and ZnO has been reported by Wang and co-

workers [32]. All these reports demonstrate a heterostructure semiconductor, combination of 

ZnO and g-C3N4, having eminent photocatalytic performance under the illumination of visible 

light.  

 Being inspired from the above studies we have synthesized morphology-dependent ZnO 

structures on g-C3N4 surface. Best of our knowledge, here we are reporting for the first time the 

shape-dependent synthesis of ZnO on g-C3N4 surface and their application in photocatalysis. 
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Within this chapter, we report a simple and facile approach to synthesize visible light active 

heterostructures of g-C3N4 and ZnO, via chemisorption of zinc precursors followed by hydrolysis 

and dehydration. Firstly, bulk g-C3N4 was synthesized followed by the formation of dumbbell 

and cone shaped ZnO on its surface using CTAB and different hydrolyzing medium. The 

analytical techniques like UV-vis, PXRD, FTIR, SEM, TEM, EDS, and XPS were used as 

characterizing tools to corroborate the synthesis of bulk g-C3N4 and g-C3N4/ZnO composite. 

Methylene blue dye and phenol were chosen as model compounds to evaluate the photo-activity 

of the as-synthesized catalysts under the illumination of visible light. g-C3N4/ZnO 

heterostructures show superior activity as compared to bare g-C3N4 as well as pure ZnO 

nanoparticles. Due to type-II band alignment (Figure 1.10) of ZnO and g-C3N4, interface 

between g-C3N4 and ZnO helps for faster transportation of photogenerated charge, which results 

g-C3N4/ZnO to be an efficient photocatalyst. Finally, the reusability of g-C3N4/ZnO has also 

been executed to prove the stability of catalyst.  

 

4.2 Experimental section 

 

4.2.1 Synthesis of Bulk g-C3N4 

 

 Synthesis of bulk g-C3N4 was reported elsewhere [13-15]. Briefly, bulk g-C3N4 was 

synthesized by thermal treatment of 10.0 g urea in a covered silica crucible under ambient air 

pressure. Initially, urea powder was dried at 80 °C for an hour on water bath and then the 

crucible with urea was placed in the muffle furnace at 550 °C for 2.5 hour keeping the heating 

rate of 10° min
-1

. Finally, the yellow colour product was collected at room temperature and 

washed with nitric acid (0.1 M) four times to remove the extra impurities (e.g., NH3 etc.), which 

was formed during the reaction and dried at 80 °C. 

 

4.2.2 Synthesis of Dumbbell and Cone Structure of ZnO on g-C3N4 Surface 

  

 The as-prepared bulk g-C3N4 powder was used as a support for the synthesis of ZnO 

dumbbell. Initially, 50 mg of bulk g-C3N4 powder was sonicated for 30 min in 50 mL of water 

for complete dispersion. Now, to the aqueous dispersion of g-C3N4, 2.5 mL of 10
-1

 M 

ZnSO4.7H2O and 2.5 mL of 10
-1

 M CTAB were added in 1:1 ratio with manual stirring. The pH 
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of the above solution was set up to alkaline (pH ~ 7.5) using hexamethylenetetramine (HMT) (5 

mL of 10
-1

 M was added) solution with continuous stirring. Subsequently, the reaction mixture 

was kept at 90-95 °C for 6 h in reflux condition to complete the formation of ZnO dumbbell on 

the surface of g-C3N4. The white powder was collected and washed five times using methanol 

and dried in air.  

 g-C3N4/ZnO cone heterostructure was synthesized using the same procedure described 

for g-C3N4/ZnO dumbbell, except ammonia solution was used to maintain the alkaline (pH ~ 9-

10) instead of HMT solution.  

 

4.3 Results and Discussion 

 

4.3.1 Characterization 

 

 The characterization, photocatalysis results and possible photodegradation mechanism of 

g-C3N4 and coupled g-C3N4/ZnO heterostructures are discussed in the following section. 

 

4.3.1.1 UV-vis and Photoluminescence Study 

 

 Figure 4.1 shows UV-vis spectra of g-C3N4 and g-C3N4/ZnO heterostructures. g-C3N4 

and g-C3N4/ZnO show strong absorption in visible light with absorption edge at ~440 nm. The 

position of absorption edge remains unchanged for all the samples whereas g-C3N4/ZnO 

heterostructure shows an increased absorption as compared to the bare g-C3N4, which is due to 

the presence of ZnO nanostructure [23,31]. The absorption intensity for both g-C3N4/ZnO 

heterostructure shapes are similar, which can be attributed to the UV-light absorption of ZnO. 

Hence, the morphological shape of various ZnO structures on g-C3N4 surface doesn’t affect the 

absorption intensity within the visible region. Although, a sharp band at 369 nm for ZnO has 

been reported in the literature, [33] g-C3N4/ZnO heterostructures do not show any distinct peak 

for ZnO within the UV-vis spectrum.  

 The band gap (Eg) of g-C3N4 can be estimated from the plot of (αEp)
2
 vs. photon energy 

(Ep) using the extrapolated value of Ep at α =0, following equation: αEp = k(Ep ‒ Eg)
1/2

, where, α 

= absorption coefficient, Ep = discrete photon energy, Eg = band gap energy, and k = constant. 

The calculated Eg value for g-C3N4 is found to be ~ 2.88 eV (Figure 4.1 (inset)), which is 
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consistent with previous reports [20]. 

 

 

 

Figure 4.1 UV-vis DRS for bulk g-C3N4, g-C3N4/ZnO (dumbbells), and g-C3N4/ZnO (cones), 

where all the powder samples were mixed with BaSO4 as reference. Here, all absorbance 

values are in arbitrary unit and each spectrum corresponds to different absorbance (not in 

relative scale). From the UV-vis spectrum of g-C3N4, inset shows (Ep)
2
 vs. Ep plot for band 

gap (Eg) calculation 

  

 

 

Figure 4.2 Room temperature photoluminescence spectra of bulk-g-C3N4, g-C3N4/ZnO 

(dumbbells), and g-C3N4/ZnO (cones). For PL measurements all the powder samples were 

dispersed well in water using a sonicator with an excitation wavelength, ex = 315 nm 

  

 In order to analyze the effect of ZnO and the fate of photogenerated electron-hole pairs 
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on g-C3N4 surface, photoluminescence (PL) spectral analysis has been carried out. Figure 4.2 

shows the PL spectra of g-C3N4 and g-C3N4/ZnO heterostructures with an excitation wavelength 

of 315 nm.  

The intense emission peak is centred at around 441 nm for pure bulk g-C3N4, which could 

be assigned to the higher recombination rate of the photogenerated electrons and holes [12,32]. 

In case of g-C3N4/ZnO heterostructures, blue shifted emission peaks appear at 436 nm and 432 

nm for dumbbell and cone structure, respectively. The decrease in emission peak intensity for g-

C3N4/ZnO heterostructures is due to inhibited recombination of photogenerated electron-hole 

pairs in g-C3N4 and ZnO heterojunction, which further indicates a successful charge separation. 

However, PL study confirms about the increased lifetime of the photogenerated carrier in g-

C3N4/ZnO heterostructures compared to bare g-C3N4, which is due to the type-II band alignment 

of ZnO and C3N4.   

 

4.3.1.2 Structure and Morphological Characterization 

  

The FTIR spectra for pure g-C3N4, ZnO, and composite g-C3N4/ZnO heterostructures are 

shown in Figure 4.3. In case of pure g-C3N4, the peak centred at 1636 cm
−1 

is attributed to the 

C=N stretching vibration, while the peaks at 1240, 1318, and 1406 cm
−1 

represent the aromatic 

C–N stretching vibration modes of C3N4 ring. The out-of-plane bending modes of C–N 

heterocycles are represented by a band at ~811 cm
−1

[20,21,30]. From Figure 4.3, it is quite clear 

that the main characteristic peaks of g-C3N4 and ZnO appears in g-C3N4/ZnO heterostructures 

with a red shift, which indicates weaker bond strengths of C–N and C=N within the g-C3N4/ZnO 

heterostructures. This phenomenon suggests that the conjugated system of g-C3N4 is stretched 

and appears in a more widely conjugated system in g-C3N4/ZnO heterostructures [21]. Therefore, 

FTIR spectra reveal the existence of g-C3N4, ZnO, and g-C3N4/ZnO, which are well matched 

with the reported stretching frequency values and further indicates an intense interaction between 

g-C3N4 and ZnO [20,21,24,30].  

 In order to check the phase purity and structural property of the as-synthesized g-C3N4 

and g-C3N4/ZnO composites, powder X-ray diffraction (PXRD) analysis has been performed, as 

shown in Figure 4.4. The XRD pattern (inset of Figure 4.4) of pure g-C3N4 reveals two distinct 

peaks at 2θ = 13.3° and 27.6°. The weaker peak at 13.3° corresponds to the presence of (100) 
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crystalline plane, which is due to in-plane ordering of tri-s-triazine units. The relatively stronger 

peak at 27.6° is recognized as the reflection from (002) lattice plane which also resembles an 

interlayer spacing of d = 0.32 nm, the long-range interlayer stacking of the aromatic system of g-

C3N4 [12,13]. 

 

 

Figure 4.3 FTIR spectra of bare g-C3N4, ZnO, g-C3N4/ZnO (dumbbells), and g-C3N4/ZnO 

(cones). All the powder samples were mixed with KBr reference to form a pellet 

 

 

 

Figure 4.4 Powder X-ray diffraction patterns of bulk g-C3N4 (inset), g-C3N4/ZnO 

(dumbbells), and g-C3N4/ZnO (cones). During PXRD measurement, 2θ varies from 10-80° 

and the scanning rate was fixed at 2° per min. 
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In case of g-C3N4/ZnO heterostructures, eight major reflection peaks for ZnO are 

observed at 2θ = 31.78°, 34.42°, 36.19°, 47.40°, 56.47°, 62.63°, 68.85°, and 76.71°, correspond 

to the (100), (002), (101), (102), (110), (103), (112), and (202) crystal planes of ZnO (Figure 

4.4). According to JCPDS card no. 89-1397, all the observed diffraction peaks match well with 

the wurtzite (HCP) structure of ZnO for both the cone and dumbbell shape morphologies [33]. 

Apart from the eight major peaks for ZnO, another diffraction peak at 2θ = 27.6°, representing 

the (002) lattice plane of g-C3N4, also appears which confirms the existence of ZnO on g-C3N4 

surface (Figure 4.4). Absence of any impurity peak, originated from unreacted urea, non-

hydrolyzed Zn
2+

 precursor salt, and Zn(OH)2, within the XRD pattern of g-C3N4 and g-

C3N4/ZnO heterostructures also confirms the material's phase purity.  

The morphological analysis of the as-synthesized ZnO has been done using a field 

emission scanning electron microscopy (FESEM). Figure 4.5.a and b represent the low and high 

resolution FESEM images of ZnO structures, synthesized using HMT hydrolyzing agent.  

 

 

 

Figure 4.5 FESEM images of g-C3N4/ZnO dumbbells (a) at low resolution and (b) at high-

resolution. FESEM images of g-C3N4/ZnO cones (c) at low resolution and (d) at high-

resolution 
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Figure 4.5.a shows an SEM image of randomly distributed dumbbell shaped ZnO 

structure on g-C3N4 surface maintaining the shape uniformity. The average length and breadth of 

ZnO dumbbells on g-C3N4 surface is about 1.76 μm and 0.76 μm, respectively, as can be seen in 

Figure  4.5.b. Figure  4.5.c and d exhibit FESEM images of cone shaped ZnO structures, where 

ammonia was utilized as hydrolyzing agent. The average length of the side of a cone is found to 

be about 0.51 μm (Figure 4.5.d), which is significantly shorter than the dumbbell shape. The 

presence of ZnO cone on g-C3N4 surface is aggregated even with an uniform shape. Pure bulk g-

C3N4 also appears in aggregated morphology with many C3N4 sheets and layered structure 

(Figure 4.6). All these findings clearly suggest a random growth of ZnO on g-C3N4 surface, for 

both dumbbells and cones and results in different growth morphologies for HMT (dumbbell 

shape) and ammonia (cone shape) hydrolyzing agent.  

 

 

 

Figure 4.6 FESEM image of bare g-C3N4 surface 

 

The structures and shapes of ZnO dumbbells and cones on g-C3N4 surface have also been 

investigated with the help of TEM. TEM images of morphology dependent ZnO are shown in 

Figure 4.7. Figure 4.7.a exhibits a TEM image of ZnO dumbbell on g-C3N4 surface, which was 

synthesized using the HMT. The length and breadth of a single dumbbell is found to be 1.73 μm 

and 0.78 μm (inset of Figure 4.7.a), respectively, which are complementary to our FESEM 

findings. It can also be noted that the size and shape of the ZnO dumbbells are quite uniform. 

High-resolution TEM image (Figure 4.7.b) of C3N4/ZnO heterostructure shows a fringe spacing 

value of 0.26 nm, which corresponds to the (002) crystal planes of ZnO. Hence, we can conclude 

that the growth of ZnO dumbbell on g-C3N4 surface occurred along (002) plane. TEM and 
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HRTEM images of ZnO cones on g-C3N4 surface (synthesized by using ammonia) are shown in 

Figure 4.7.c and d. From the inset of Figure 4.7.c, the length of a cone can be estimated to 0.51 

μm, well in line with earlier FESEM analysis. Figure 4.7.d shows clear lattice fringes of ZnO on 

g-C3N4 surface with fringe spacing of d = 0.26 nm, which can be attributed to the (002) lattice 

planes of the wurtzite ZnO crystal, and also complementary with our XRD results. Finally, TEM 

and HRTEM analysis also confirm the morphology dependent synthesis of ZnO using various 

hydrolyzing agents and their random distribution on g-C3N4 surface.  

 

 

 

Figure 4.7 (a) TEM and (b) HRTEM images of g-C3N4/ZnO dumbbell. (c) TEM and (d) 

HRTEM images of g-C3N4/ZnO cones. Insets of Figure (a) and (c) show a single dumbbell 

and cone at high-resolution 

 

Selected area elemental mapping of g-C3N4/ZnO cone shaped heterostructures (Figure 

4.8 b-f), has been performed by EDS technique which confirms the presence of C, N, Zn, and O 

elements. The line mapping of g-C3N4/ZnO heterostructure shows different lines for Zn, O, C, 
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and N (Figure 4.8.a) which clearly proves the random distribution of ZnO over the g-C3N4 

surface.  

 

 

 

 

Figure 4.8 (a) EDS line spectrum of g-C3N4/ZnO (cone), (b) FESEM image from where line 

spectrum and point mapping were performed, and (c, d, e, f) point mapping of C, N, Zn, 

and O respectively in g-C3N4/ZnO cone heterostructures 

 

N2 adsorption-desorption isotherms of the as-decorated dumbbell and cone shaped ZnO 

catalyst samples have been used to determine the surface areas of the catalysts, which further 

helps to quantify the adsorption property. The BET surface area values of 45.35 and 23.67 m
2
/g 

have been observed for g-C3N4/ZnO dumbbells and cones, respectively. The larger surface area 

value of ZnO dumbbells confirms better adsorption property over the ZnO cones. The N2 
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adsorption-desorption isotherms of ZnO dumbbell and cone structures are presented in Figure 

4.9. 

 

 

 

Figure 4.9 N2 adsorption-desorption isotherm using g-C3N4/ZnO dumbbell (a) and cone (b) 

structures 

 

4.3.1.3 Surface Chemical Analysis of ZnO on g-C3N4 Surface  

 

 To investigate the surface chemical properties, relative surface coverages and the 

oxidation states of the dumbbell and the cone shaped ZnO structures synthesized on g-C3N4 

surface, XPS technique has been employed as a characterizing tool. Successful formation of both 

types of ZnO shapes on g-C3N4 surface and relative comparison of their surface coverage as well 

as oxidation states are depicted in Figure 4.10.  

Survey spectra for cone (ZnO-C) and dumbbell (ZnO-D) shaped structures on graphitic 

carbon nitride layers are shown in Figure 4.10.a. Both scans appear with strong existence of Zn, 

N, C, and O core level binding energy as well as Auger peaks, which further confirm the 

successful formation of ZnO on g-C3N4 surface. High resolution scans of Zn 2p core level 

spectra are shown in Figure 4.10.b. The binding energy positions for Zn 2P3/2 and Zn 2P1/2 are 

observed at around 1021.6 eV and 1044.7 eV, respectively, which are in good agreement with 

the earlier reported values for Zn(+2) oxidation state of ZnO material [24,28,30]. However, 

stronger peak intensity in ZnO-C spectrum clearly suggests a significantly higher surface 

coverage for the cone-shaped structures on g-C3N4 as compared to that of the dumbbell shaped 

ZnO. 
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Another comparison of the binding energy peak intensities for N1s line is also presented 

in Figure 4.10.c. In contrast to earlier Zn 2p lines, here, the N1s line appears stronger for ZnO-D 

materials which can be explained in terms of attenuation of the N1s photoelectrons emitted from 

the g-C3N4 surface, within the ZnO over layers for ZnO-C sample. This finding is very much 

complementary with our SEM results. In addition, it can be noted that there is a little relative 

shift in N1s binding energy peak position towards the higher energy for ZnO-C sample. This 

might be attributed to a relatively lower electron density of the N atoms within the ZnO-C.  

 

 

 

Figure 4.10 XP spectra of (a) wide scan survey of cone (ZnO-C) and dumbbell (ZnO-D) 

shaped g-C3N4/ZnO structures. High resolution scans of (b) Zn 2p and (c) N 1s core level 

photoelectrons 
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Figure 4.11 High-resolution XP spectra of g-C3N4/ZnO samples with various deconvolution 

components of C 1s, N 1s, and O 1s photoelectrons. (a-c) cone morphology (ZnO-C) and (d-

f) dumbbell morphology (ZnO-D) 

 

A similar kind of peak shift for O1s line in the opposite direction is also observed 

(Figure 4.11), which can be correlated to a relatively higher electron density of the O atoms 

within the ZnO-C sample. Both these relative peak shifts (N1s and O1s) suggest that there are 
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some possibilities for partial transfer of electrons from the N atom of g-C3N4 to the O atoms of 

ZnO. This assumption is also complementary with the higher electro-negativity of O compared 

to that of N. Therefore, we can conclude that a composite of g-C3N4/ZnO is obtained rather than 

a physical mixture of ZnO and g-C3N4 is formed within the samples [32]. 

 

High-resolution XP spectra of C1s, N1s and O1s binding energy peaks for both g-

C3N4/ZnO samples are presented in Figure 4.11. All spectral analysis with various de-

convolution processes is performed using a linear background subtraction and a mixture of 

Lorentzian and gauss fitting. Figure 4.11.a-c represent the corresponding spectra of ZnO-C 

sample whereas, Figure 4.11.d-f depict the spectral analysis for ZnO-D sample, respectively.  

C1s binding energy spectra of the ZnO-C and ZnO-D samples are shown in Figure 4.11.a and d, 

respectively. The deconvoluted components of C1s line appear in two main binding energy peaks 

positioned at about 287.7 and 284.6 eV. The peak centered at 287.7 eV is identified as sp
2
 

bonded carbon (N-C=N), whereas the peak positioned at 284.6 eV corresponds to the graphitic 

carbon (C-C) of the materials and adventitious hydrocarbon from the instrument.  

  

 Similar to an earlier observation, Figure 4.11.b and e show the deconvoluted spectra of 

N1s for ZnO-C and ZnO-D samples, respectively. The asymmetrical shape of the observed N1s 

lines indicates chemically different N species within the g-C3N4. Two major components appear 

within the deconvoluted spectra are assigned to the sp
2
 hybridized nitrogen (C-N=C) at lower 

binding energy and the sp
3
 hybridized tertiary nitrogen (C-N-C) at relatively higher binding 

energy. Additionally, a relative peak shift for ZnO-D samples toward the lower energy side can 

also be observed, which has already been discussed earlier. The deconvolution of O1s spectra for 

both ZnO-C and ZnO-D samples can be seen in Figure 4.11.c and f, respectively. The oxygen 

species mainly appear in (‒2) oxidation state within the crystalline ZnO matrix, with a minor 

fraction of surface hydroxides.  Similar to N1s, a relative peak shift for O1s spectra in opposite 

direction originated from partial charge transfer between g-C3N4 and ZnO can also be noted. For 

better understanding and clarity, every detail of all the deconvoluted spectra is summarized in 

Table 4.1.   
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Table 4.1 Binding energy positions and relative intensities of deconvoluted C 1s, N 1s, and 

O 1s spectra for cone (ZnO-C) and dumbbell (ZnO-D) shaped g-C3N4/ZnO samples 

 

Sample ZnO-C ZnO-D 

B.E. 

Peaks 

Sub-peaks Peak 

position 

Relative 

intensity 

Peak 

position 

Relative 

intensity 

C1s N-C=N 287.7 55585 287.7 86873 

 C-C 284.9 102606 284.8 109997 

N1S C-N=C 398.9 59580 398.1 103713 

 C-N-C 400.4 34681 399.2 75326 

O1s Zn-O 530.9 199188 531.3 100847 

 Zn-O-H 532.7 19771 532.3 29034 

 

 

4.3.2 Mechanism of Formation of g-C3N4/ZnO Heterostructures 

 

 The mechanism of the formation of bulk g-C3N4 is reported elsewhere [8-13].
 
In brief, 

pyrolysis of urea takes place which afterward results in a polymerized product. After 

successfully synthesizing the g-C3N4, it was washed with 0.1 M HNO3 to remove any kind of 

impurities. Dumbbell and cone structures of ZnO were formed on the surface of g-C3N4 by 

refluxing technique, using a different hydrolyzing agent. At first, g-C3N4 powder was sonicated 

in water to obtain a well disperse layered structure of g-C3N4. Secondly, Zn
2+

 precursor salt and 

CTAB were added for the synthesis of g-C3N4/ZnO heterostructures. Finally, HMT and ammonia 

were used as hydrolyzing agents for the synthesis of dumbbell and cone-shaped structures of 

ZnO, respectively.  

During the synthesis, CTAB was used as a stabilizer and growth controlling agent for the 

growth of ZnO nanostructure on g-C3N4 surface. It is predicted that the surface of g-C3N4 is 

negatively charged (-24.6±2.4 mV), which has also been confirmed from zeta-potential analysis. 

Therefore, Zn
2+

 precursor salt (ZnSO4.7H2O) can easily be adsorbed on the negatively charged 

g-C3N4 surface and cationic surfactant (CTAB) can readily interact with adsorbed Zn
2+

 ions on 

the same surface. In addition, various hydrolyzing agents, such as HMT and ammonia were used 

to supply OH
‒
 ions in the solution, which is essential for the ZnO formation. Dumbbell shape 
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(Figure 4.6 and 4.7) of ZnO was obtained for a pH ~7.5 of HMT, which acts as a rich source of 

OH
‒
 ions upon thermal degradation. Railey and co-workers reported that HMT acts as a source 

of OH
‒
 ion and its thermal decomposition produces ammonia and formaldehyde [34]. Dutta and 

co-workers also reported the release of OH
-
 ions upon thermal degradation of HMT [35]. 

Whereas, for ZnO cone structures (Figure 4.6 and 4.7), ammonia with pH ~ 9 was used as a 

source of OH
‒
 ions, which spontaneously react with Zn

2+
 ions to form [Zn(OH)2] on g-C3N4 

surface. Afterwards, the [Zn(OH)2] complex further reacts with excess OH
‒
 ions to form 

[Zn(OH)4]
2‒

 ions. During reflux, dehydration of [Zn(OH)4]
2‒

 takes place and finally gives rise to 

ZnO formation.  

Apart from the OH
-
 ion supply, as the rate of hydrolysis decreases with increasing pH and 

vice-versa, HMT also acts as a buffer [35]. Dutta and co-workers [35] nicely represented the role 

of HMT for the growth of ZnO nanowire and nanorod. Due to the presence of a long chain 

polymer and a nonpolar chelating agent in HMT, it prefers to attach with the nonpolar facets of 

zincite crystal for epitaxial growth through a polar (001) face only [36,37]. Therefore, instead of 

buffer like behaviour, HMT behaves more like a shape-inducing polymer surfactant. However, in 

this study, HMT was used for dual purposes. Firstly, a source of OH
‒
 ions and secondly a shape 

inducing polymer surfactant along with CTAB for the growth of ZnO dumbbells on the surface 

of g-C3N4. Finally, the surrounding of ZnO dumbbells on g-C3N4 surface is covered by the 

CTAB, which is confirmed by a positive surface charge (+5.14±0.8 mV) from zeta potential 

analysis. There is no shape inducing agent for the synthesis of ZnO cones, the morphology was 

obtained solely due to the presence of cationic surfactant (CTAB) in the solution, a growth 

controlling agent. This phenomena was confirmed by a positive surface charge (+14.3±1.2 mV) 

of g-C3N4/ZnO cone heterostructures from zeta potential analysis. Therefore, we can conclude 

that the CTAB and the available OH
‒
 ions from ammonia solution can favour the formation of 

ZnO cones on g-C3N4 surface. Due to relatively higher concentration of OH
‒
 ions from 

ammonia, the surface coverage of ZnO cones on g-C3N4 is found significantly more, whereas the 

coverage of ZnO dumbbells appears less with the HMT (Figure 4.6 and 4.7). This relatively 

higher surface coverage of ZnO cones over dumbbell structures was also confirmed by XPS and 

SEM analysis. The overall formation mechanisms of ZnO in presence of both HMT and 

ammonia are given below.   
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Figure 4.12 FESEM image of g-C3N4/ZnO aggregated form, synthesized without using 

CTAB keeping all other conditions same 

 

Additionally, some control experiments were carried out to determine the role of CTAB, 

HMT, ammonia, for the formation of different ZnO morphologies on g-C3N4 substrate. At first, 

without any CTAB aggregated ZnO particles were obtained on the surface of g-C3N4 keeping all 

other conditions unaltered. FESEM image of aggregated ZnO particles is shown in Figure 4.12.  

 

Secondly, in absence of any hydrolyzing agent (HMT or ammonia) it was impossible to 

grow any ZnO on the g-C3N4 surface. In an alternate approach, without using any C3N4 while 

keeping the CTAB and ammonia concentration unaltered, flower shaped ZnO structures were 

observed [33]. However, other morphological shapes of ZnO such as nanorod, nanowire, 

nanotube etc. have been reported for HMT hydrolyser, without C3N4 substrate [38,39]. 

Therefore, it can be concluded that presumably, C3N4 can provide many active centres for the 

initial nucleation of ZnO. This effect helps to grow ZnO randomly on C3N4 surface in spite of 

growing on a single centre which finally gives rise to the flower, rod, wire etc like morphology. 

Therefore, for the synthesis of ZnO dumbbell and cone structures on g-C3N4 surface, CTAB, 

HMT, ammonia, and g-C3N4 play very important roles. The overall formation of shape-

dependent ZnO nanostructure on g-C3N4 surface is shown in Scheme 4.1.  
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Scheme 4.1 The overall mechanism for the formation of bulk g-C3N4, g-C3N4/ZnO 

heterostructure (dumbbell and cone), and aggregated ZnO on g-C3N4 surface 

 

4.3.3 Determination of Photocatalytic Activity 

 

 For photocatalytic activity of the as-synthesized materials, 1 mL of 3×10
-4 

M MB 

solution and 5.0 mg of g-C3N4/ZnO catalysts (dumbbell and cone) were taken in 9 mL water so 

that the final concentration of MB was 3×10
-5 

M in 10 mL water. Prior to irradiation, the aqueous 

solution was stirred continuously for ~20 min in the dark to confirm the saturation of dye on g-

C3N4/ZnO catalyst surface. After saturation, the reaction mixture was placed under visible light 

with constant stirring to initiate the degradation reaction. The source of visible light was a 

tungsten bulb of 60 W, which emits mainly visible light. At regular irradiation time or interval (~ 

20 min), 3.0 mL of aliquot was taken from the reaction mixture, centrifuged at 1000 rpm for UV-

vis measurement, and re-added carefully (3.0 mL solution and catalyst) to the original reaction 

container. Photodegradation kinetics of MB dye was monitored by observing the change in 

absorbance intensity at 664 nm (maximum intense peak for MB dye) with time by UV-vis 

spectroscopy.   
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 Similar procedure was applied with phenol degradation using visible light, 0.4 mL of 

5×10
-3 

M aqueous phenol solution and 5.0 mg of catalyst were used for the decomposition 

reaction so that the final concentration of phenol in 10 ml water was 2×10
-4 

M.  

 For MB and phenol dye % degradation or degradation yield was calculated using initial 

and time-dependent absorbance values: 

% Degradation = (A0 - At)/A0 × 100 

Where, A0 = initial absorbance and At = absorbance at time ‘t’. 

 

The main characteristic peaks for MB and phenol at 664 nm and 270 nm were used to 

monitor the photocatalytic reaction. Tungsten bulb with a wavelength range of 300-1200 nm was 

used as a visible light source for the photocatalytic study. There was no degradation of MB and 

phenol in absence of visible light as well as without any catalyst. To check the dye adsorption on 

catalyst surface, the reaction mixture of MB solution and catalyst was agitated in the dark with 

continuous stirring, prior to any irradiation with visible light. In the dark, maximum adsorption 

of dye was found to be 20% (within 20 min) on the catalyst surface (Figure 4.13) and afterwards 

it remained constant till 140 min. Therefore, to stabilize the adsorption-desorption equilibrium, 

the reaction mixture (dye and catalyst) was stirred 20 min in dark condition prior to any use.  

 

 
 

Figure 4.13 UV-vis absorption spectra of MB adsorption-desorption equilibrium in dark 

with g-C3N4/ZnO heterostructure catalyst 

 

It can be seen from Figure 4.14 that the degradation of MB with bare g-C3N4 was 

reached ~ 55% decomposition under visible light irradiation. The rate constant (kbare) value with 
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bare g-C3N4 is observed 0.6×10
-2

 min
-1

 and showed pseudo-first order kinetics.  

 

 
 

Figure 4.14 (a) UV-vis absorption spectra to show degradation of MB in presence of g-

C3N4, (b) At/A0 vs. time (min) plot, and (c) ln (At/A0) vs. time (min) plot. Conditions: [MB] = 

3×10
-5

 M and amount of catalyst = 5.0 mg. In all cases water was used as reference solution 

 

Figure 4.15.a shows the degradation of the MB using dumbbell shape of g-C3N4/ZnO 

heterostructures. After 140 min., the reaction was almost over and ~99% of dye degradation was 

achieved. Within Figure 4.15.b, At/A0 vs. time (min) has been plotted, which shows an 

exponential behaviour with time. The rate constant (kND) of 2.4×10
-2

 min
-1

 was determined from 

the slope of ln(At/A0) vs. time (min) plot (Figure 4.15.c), which is four times higher than that of 

bare g-C3N4. Figure 4.15.c also confirms pseudo-first-order kinetics of MB degradation using g-

C3N4/ZnO dumbbell catalyst.  

 

 

 

Figure 4.15 (a) UV-vis absorption spectra to show visible light degradation of MB in 

presence of g-C3N4/ZnO (dumbbells) (b) At/A0 vs. time (min) plot and (c) ln(At/A0) vs. time 

(min) plot. During the photocatalysis measurements, reaction mixture was stirred 

continuously 
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Figure 4.16 (a) UV-vis absorption spectra to show degradation of MB in presence of g-

C3N4/ZnO (cone), (b) At/A0 vs. time (min) plot, and (c) ln(At/A0) vs. time (min) plot 

 

Figure 4.16.a shows the UV-vis absorption spectra of MB degradation using cone shaped 

g-C3N4/ZnO heterostructures. At the end of 140 min, ~99% of the dye was already degraded. 

Similar to earlier result, the At/A0 vs. time (min) plot also appears in exponential nature (Figure 

4.16.b) and from the slope of ln(At/A0) vs. time (min) plot (Figure 4.16.c), the rate constant 

(kNC) was calculated to be 1.8×10
-2

 min
-1

, which is three times higher than that of bare g-C3N4. 

Pseudo-first-order kinetics of MB degradation was also observed with cone structures of ZnO. 

After the completion of 1
st
 cycle, the catalyst was removed from the reaction mixture and washed 

for the re-use purpose.  

Furthermore, to prove the visible light activity of g-C3N4/ZnO (dumbbell and cone) 

heterostructures, a pure UV light active material phenol was used for degradation reaction. The 

UV-vis spectra of phenol degradation using dumbbell and cone shaped ZnO heterostructures are 

shown in Figure 4.17.a and b, respectively.  

It can be seen from Figure 4.17.a and b that the complete phenol degradation was 

reached under a visible light irradiation in 150 and 170 min for dumbbell and cone structure of 

ZnO, respectively. Whereas, 300 min is required for complete degradation of the phenol with 

bare g-C3N4 catalyst. The rate constant values for g-C3N4/ZnO dumbbell and cone 

heterostructure are found 2.0×10
-2

 min
-1

 and 1.5×10
-2

 min
-1

, respectively, which is significantly 

higher than that of pure g-C3N4. Hence, phenol degradation result also confirms the higher 

photo-activity of the dumbbell and cone structure of ZnO on g-C3N4 surface as compared to the 

bare g-C3N4 catalyst. 
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Figure 4.17 UV-vis absorption spectra of phenol decomposition using (a) g-C3N4/ZnO 

(dumbbell) and (b) g-C3N4/ZnO (cone) catalyst, under irradiation of visible light 

Conditions: [phenol] = 2×10
-4

 M and amount of catalyst = 5.0 mg 

 

Figure 4.18 shows the comparative study of MB dye degradation using ZnO, bare g-

C3N4, and g-C3N4/ZnO (dumbbell and cone) heterostructure catalysts under visible light 

irradiation. Pure ZnO nanoparticles are UV light active and does not have any role on MB dye 

degradation under visible light illumination [33]. Bare g-C3N4 is known as a visible light active 

material and electron-hole pairs are generated after irradiation with visible light.  

 

 

 

Figure 4.18 Comparative studies of degradation of MB dye in presence of ZnO, bulk g-

C3N4, g-C3N4/ZnO (dumbbells), and g-C3N4/ZnO (cones) under visible light 
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It can be seen from Figure 4.18 that the degradation of MB occurred with bare g-C3N4 

with a slowest rate (kbare = 0.6×10
-2

 min
-1

), which is due to the fast recombination of the 

photogenerated charged species (e
‒
 and h

+
). Therefore, to suppress this problem of 

recombination, a heterojunction was created by modifying the surface of g-C3N4 with dumbbell 

and cone structures of ZnO. In case of heterostructures, the photo-activity is higher (kND = 

2.4×10
-2

 min
-1

 and kNC = 1.8×10
-2

 min
-1

) due to the decreased recombination of e
‒
 and h

+
. This 

diminished recombination of e
-
-h

+
 pairs has also been proved from the decreased intensity in 

photoluminescence spectra (Figure 4.2) of g-C3N4/ZnO heterostructures as compared to bare g-

C3N4. 

Sun and co-workers reported 3 times better activity in visible light dye degradation with 

g-C3N4-ZnO spherical particles as compared to bare g-C3N4 for methyl orange and p-nitrophenol 

degradation [20]. Kumar and co-workers also reported 5 times higher rate constant value for N-

doped ZnO nanoplates than bare g-C3N4 nanosheets [30]. Li and co-workers reported 3.8 times 

higher rate constant value with g-C3N4/ZnO composite than the pure g-C3N4, during Rhodamine 

B dye degradation [41]. However, both dumbbell and cone structures of ZnO on g-C3N4 surface 

shows 3-4 times higher activity in MB and phenol dye degradation than bare g-C3N4, under 

illumination with the visible light and the rate constants order is found as kND > kNC > kbare. The 

higher rate constant with g-C3N4/ZnO dumbbell structures is mainly due to the larger surface 

area of dumbbells (45.35 m
2
/g) as compared to that of cones (23.67 m

2
/g). Larger surface area of 

the catalyst particles absorb more organic dye molecules, which further confirms the faster dye 

degradation rate of ZnO dumbbells than cone structures. Therefore, the as-obtained 

morphologies of ZnO in g-C3N4/ZnO heterostructures show better photo-activity than other 

reported ZnO morphologies.  

 

4.3.3.1 Mechanism for Enhanced Photoactivity with g-C3N4/ZnO Heterostructure 

 

 In case of heterogeneous photocatalysis, two important parameters are the adsorption of 

dye on catalyst surface and the degradation of dye with the help of photogenerated electron-hole 

separation. In this study, dumbbell and cone morphologies of g-C3N4/ZnO heterostructures and 

negative surface charge of g-C3N4 enhance the adsorption process of dye on its surface. The 

efficient photo-activity of g-C3N4/ZnO heterojunctions can be explained in terms of the 
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alignment of the valence band (VB) and the conduction band (CB) positions of both g-C3N4 and 

ZnO separately. Both the g-C3N4 and ZnO are examples of type-II semiconductor, which can be 

verified by potential energy level calculations as shown in the following equation: [42-47]. 

EVB = χ – Ec + 0.5Eg 

 

EVB = VB edge potential, χ = electronegativity of the semiconductor, Ec = energy of free 

electrons in hydrogen scale (~ 4.5 eV), and Eg = band gap energy of the semiconductor. The edge 

potential for CB (ECB) can be calculated by: 

ECB = EVB − Eg 

  

 The value of χ for ZnO is 5.79 eV and the band gap energy (Eg) of the as-synthesized 

ZnO material is 3.12 eV. The EVB of ZnO was calculated to be +2.85 eV. Hence, the ECB of ZnO 

can be estimated to ‒0.27 eV. Based on the reported data, the CB and the VB edge potential 

values of g-C3N4 are ‒1.1 eV and +1.6 eV, respectively [43,46]. All the potential energy values 

for both ZnO and g-C3N4 are shown in Scheme 4.2. It can be seen from scheme 4.2 that the CB 

potential energy or LUMO for g-C3N4 (ECB = ‒1.1 eV) is lower than the ZnO (ECB = ‒0.27 eV). 

Hence, the excited e
-
 from the CB of g-C3N4 can easily inject to the CB of ZnO upon irradiation 

with visible light [21,30-32,42]. Therefore, the potential energy match in the heterojunction of g-

C3N4/ZnO is a driving force for the transportation of photogenerated e
‒
 from the CB of g-C3N4 

towards the CB of ZnO, which effectively reduces the recombination of e
‒
-h

+
 pairs [32,42].  

 

Upon irradiation of visible light on g-C3N4/ZnO heterostructures, the e
‒
 on g-C3N4 can 

easily move from VB to CB (eCB
‒
) leaving behind h

+
 on VB (hVB

+
) of g-C3N4. Now, the excited 

electrons may easily transfer from the CB of g-C3N4 to the CB of ZnO. Afterwards, the electrons 

on the CB of ZnO react with O2 and generate superoxide radicals (O2
‒), which further generate 

hydroxyl radicals (OH) [21,30-33,48]. These OH radicals are responsible for the 

photodecomposition of MB and phenol. On the other hand, h
+
 in VB of g-C3N4 is also 

responsible for the generation of OH radicals from OH
‒
 ions, which are the active species in dye 

degradation [20,21,33,48]. As ZnO is an UV light active material, photo-excitation of it is not 

possible under visible light irradiation. The overall electronic transition and dye degradation 
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reaction in g-C3N4/ZnO heterostructures are shown below: 

 

 

 

Scheme 4.2 The VB and CB energy levels and the mechanism of charge transfer in g-

C3N4/ZnO heterostructure under visible light irradiation during organic pollutant 

degradation 

 

 

 

It can be seen from the above reactions that the species like e
‒
, O2

‒, OH
•
, and h

+
 are 

directly involved in the photocatalytic process [49,50]. Therefore, to confirm the role of electrons 

and holes in visible light photocatalysis, scavenging experiment has been carried out with t-

BuOH and ammonium oxalate (AO) for MB degradation, using g-C3N4/ZnO heterostructure 

catalyst. t-BuOH was used as OH
‒
 scavenger and AO as a hole scavenger [30,33]. For 

scavenging experiments, 1 mL of t-BuOH and 0.2 g of AO were used, keeping the other reaction 

parameters unaltered, to trap the electron/radical and holes, respectively. Incorporation of t-
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BuOH in the reaction mixture prevented the presence of OH
‒ and the formation of O2

‒ and OH
•
 

radicals, which largely affected the visible light dye degradation and results in ~ 27% 

degradation. On the other hand, h
+
 was promptly scavenged with the addition of AO and ~ 88% 

degradation was achieved. Therefore, it can be concluded that % degradation of dye is not 

greatly affected due to the h
+
 scavenger. Altogether, the formation of O2

‒ and OH
•
 radicals play 

a major role in photocatalysis under the visible light. This scavenging experiment findings are 

also supported by earlier reported values [21,30,31]. 

 

4.3.3.2 Reusability of g-C3N4/ZnO Catalyst  

 

 Reusability of g-C3N4/ZnO catalyst has been tested in MB degradation reaction, under 

the irradiation of visible light source. Figure 4.19.a shows the reusability histogram using ZnO 

dumbbell for MB degradation. After the 1
st
 cycle, catalyst particles were collected and washed 

thoroughly with water for further use. Using same condition, the experiments were repeated 

thrice and the % of degradation results show 98%, 94%, and 92% for 1
st
, 2

nd
, and 3

rd
 cycles, 

respectively. This degradation result confirms that the catalysts remain chemically stable even 

after several recycles. Similar reusability test was also conducted with ZnO cones and the % 

degradation demonstrate 98%, 92%, and 90% for 1
st
, 2

nd
, and 3

rd
 cycles, respectively (Figure 

4.19.b).  

 

 

 

Figure 4.19 Histogram between % degradation vs. number of cycle for (a) g-C3N4/ZnO 

(dumbbell), (b) g-C3N4/ZnO (cone) catalyst after 140 min exposure (for each cycle) under a 

visible light source. The catalyst particles were centrifuged and washed well before reuse 
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 After the 3
rd

 cycle of photocatalysis reaction, both (dumbbell and cone) morphologies of 

ZnO in g-C3N4/ZnO heterostructures were checked with the help of FESEM which also 

confirmed the morphological stability of the ZnO structures (Figure 4.20). 

 

 

 

Figure 4.20 FESEM image of reused (A) g-C3N4/ZnO (dumbbell) and (B) g-C3N4/ZnO 

(cone) catalyst after 3
rd

 cycle 

 

 

 

Figure 4.21 PXRD patterns of reused g-C3N4/ZnO (dumbbell) and g-C3N4/ZnO (cone) 

catalyst after 3
rd

 cycle 

 

Structural stability of the ZnO catalysts after several reuses was also verified using XRD 
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analysis. Figure 4.21 represents eight major reflection peaks of ZnO in both dumbbell and cone 

shaped particles appear at 31.78°, 34.42°, 36.19°, 47.40°, 56.47°, 62.63°, 68.85°, and 76.71° 

confirm the presence of (100), (002), (101), (102), (110), (103), (112), and (202) crystal planes 

of ZnO, respectively. The other 2θ value at 27.6° is due to the (002) plane of g-C3N4. These 

findings are very much in line with earlier XRD data of the ZnO structures before any dye 

degradation. Therefore, it can be concluded that the structural purity and phase stability of 

dumbbell and cone shaped ZnO remain unchanged even after several cycles of the degradation 

process. 

 

4.4 Conclusion 

 

 In conclusion, we have successfully developed a simple and facile wet-chemical 

approach for the synthesis of morphology-dependent ZnO on g-C3N4 surface. Dumbbell and 

cone structures of ZnO were synthesized using HMT and ammonia as hydrolyzing agents. As 

characterizing techniques, FESEM, XRD, TEM, XPS, and EDS were used to verify the 

formation of dumbbell and cone morphology of ZnO on g-C3N4 surface and phase purity as well 

as investigate their structural and chemical properties. On the other hand, UV-vis, PL, and FTIR 

were used to confirm the existence and increased lifetime of the photogenerated carriers in g-

C3N4/ZnO heterostructures. The shape-dependent mechanism using HMT and ammonia 

hydrolyzing agent was discussed thoroughly. The as-prepared heterostructures were used in 

organic pollutants degradation under visible light irradiation which shows a higher visible light 

photo-activity for g-C3N4/ZnO heterostructures than bare ZnO particles and g-C3N4. Moreover, a 

better photo-activity was observed with the g-C3N4/ZnO dumbbells than the g-C3N4/ZnO cone 

structure. This simple, environmental friendly and the unique hybrid structures of g-C3N4/ZnO 

make the composite material a greater perspective in the field of energy and environment. 

Finally, this result provides a new visible light driven environmentally benign catalyst with high 

stability and shows a new pathway for fabricating an efficient heterostructure photocatalyst.  
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Chapter 5 

 

Carbon Nitride (C3N4) Quantum Dots: A 

Material for the Synthesis and 

Stabilization of Monometallic (Au & Pd)  

and Bimetallic (AuPd) Nanoparticles  

for Nitrophenol Reduction 
 

 Synthesis of mono- (Au and Pd) and bimetallic (AuPd) nanoparticles using carbon 

nitride (C3N4) quantum dots (QDs) as a photoreducing and stabilizing agents is 

reported.  

 In addition, catalytic efficiency of mono- (Au and Pd) and bimetallic (AuPd) 

nanoparticles were tested using a model reduction reaction, 4-NP to 4-AP and AuPd 

was observed to be a superior catalyst. 
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Abstract 

 

 In this study, we report the synthesis of monometallic (Au and Pd) and bimetallic 

(AuPd) nanoparticles (NPs) using graphitic carbon nitride (g-C3N4) quantum dots (QDs) 

and photochemical routes. Eliminating the necessity of any extra stabilizer or reducing 

agent, the photochemical reactions have been carried out using a UV light source of 365 nm 

where C3N4 QD itself functions as a suitable stabilizer as well as a reducing agent. The 

C3N4 QDs are excited upon irradiation with UV light and produce photogenerated 

electrons, which further facilitate the reduction of metal ions. The successful formation of 

Au, Pd, and AuPd alloy nanoparticles is evidenced by UV-vis, powder X-ray diffraction, X-

ray photon spectroscopy, and energy-dispersive spectroscopy techniques. The morphology 

and distribution of metal nanoparticles over the C3N4 QD surface has been systematically 

investigated by high-resolution transmission electron microscopy and SAED analysis. To 

explore the catalytic activity of the as-prepared samples, the reduction reaction of 4-

nitrophenol with excellent performance is also investigated. It is noteworthy that the 

synthesis of both monometallic and bimetallic NPs can be accomplished by using a very 

small amount of C3N4, which can be used as a promising photoreducing material as well as 

a stabilizer for the synthesis of various metal nanoparticles. 
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5.1 Introduction 

 

 In the past decade, a plethora of reports have been documented, stating the wide range of 

applications of the noble metal nanoparticles (NPs). Metal NPs have been proved as efficient 

catalysts due to their high optical absorption in UV and visible light regime (a major part of solar 

spectrum), which makes them greatly significant for practical applications [1]. Metal NPs, e.g., 

Au, Ag, Pd and Pt are well known for harvesting light energy [2]. to perform as an active catalyst 

in cross coupling reactions [3,4,5], redox reactions [6,7,8] and photocatalytic reactions [4-10]. 

Most of the metal NPs are also used in biological applications such as a sensor to the cancer 

therapy, [11] light emitting devices [12] as well as in surface enhanced Raman spectroscopy 

(SERS) studies [13]. The synthesis of noble metal nanoparticles (NPs) using greener routes is a 

major agenda of nowadays scientific research [14,15].
 
Indeed, many reports on the synthesis of 

metal NPs using various methods, like thermal reduction of metal ion, electrochemical methods, 

[16] radiolytic, sonochemical process, [17] and photochemicaly [18,19]  abound in the literature 

[18-21]. The one pot synthesis and in-situ assembly of fluorescent gold nanodots using 

photochemical method was reported by Zhang and co-workers [22]. El-Sayed and co-workers 

also reported the photochemical reduction of gold chloride in presence of ethylene glycol (EG) 

and polyvinylpyrrolidone (PVP) to Au NPs [23].
 
Sun and co-workers reported the synthesis of 

Au NPs using graphitic carbon nitride (g-C3N4) quantum dots (QDs) under UV irradiation, which 

shows the photocatalytic property of g-C3N4 QD for the synthesis of metal NPs [24]. The same 

group also reported the use of g-C3N4 nanosheets as a support and visible light driven 

photocatalyst for the green synthesis of Au NPs/g-C3N4 hybrid using methanol as a reducing 

agent and their enhanced photocatalytic performance in pollutant degradation [25].
 
Barman and 

co-workers demonstrated ultrasound mediated synthesis of Au-CNx composite, where the 

dispersed Au NPs are very small in size (1-3 nm), and their superior catalytic properties towards 

the reduction of 4-NP [26].  

 Graphitic carbon nitride (g-C3N4), a graphene derivative with a delocalized pi-conjugated 

structure, of band gap ~ 2.70 eV has been turned out to be a fascinating choice in the field of 

photocatalysis [27]. The wide catalytic applications of g-C3N4 include the degradation of 

hazardous dyes, water splitting, hydrogen storage, bioimaging, Friedel-Craft reactions, NO 

decomposition and CO2 reduction etc. [28]. Recently, g-C3N4 is identified as a polymeric organic 
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metal-free semiconductor of visible light photocatalyst and electrocatalyst for oxygen and 

hydrogen evolution reaction (OER & HER) [29-32].  g-C3N4 has many intriguing features such 

as chemical and thermal stability, high in plane nitrogen content, low cost, easy preparation and 

environment benign [31-34]. Low specific surface area and poor quantum yield significantly 

limits the performance of bulk g-C3N4 which demands a further improvement [31-33]. To resolve 

the above mentioned shortcomings of g-C3N4 in the bulk form, quantum dots of graphitic carbon 

nitrite with significantly enhanced surface to volume ratio with better quantum confinement have 

been prepared. However, C3N4 quantum dot has recently attracted tremendous attention because 

of its excellent reactivity, good stability, effectivity as fluorescent probe for the biological 

samples and environmental detection, water solubility, sensing ability, resistivity against 

corrosion, low cytotoxicity as well as wide range of applicability as catalysis [26,35-39]. 

 

Being inspired from the above studies, we have introduced a facile photochemical 

reduction approach for the synthesis of mono- (Au and Pd) and bimetallic (AuPd) nanoparticles 

using the C3N4 QD. Initially, C3N4 QD was illuminated with a UV light source of λ = 365 nm 

and to excite electrons, which were further utilized for the reduction of metal ions to metal 

nanoparticles. The type of synthesis is quite prominent as it uses very less amount of C3N4 QDs 

as a photoreducing agent as well as provides support for the growth of metal nanoparticles. 

Monometallic (Au & Pd) and bimetallic (AuPd) nanoparticles of size starting from 13 down to 5 

nm were synthesized. The as-synthesized materials were characterized using UV-vis, XPS, 

TEM, EDS, and PXRD techniques to confirm their formation, size, shape, oxidation states and 

phase purity. In addition, to probe the catalytic efficiency of these mono-(Au and Pd) and 

bimetallic (AuPd) nanoparticles reduction reaction using 4-nitrophenol (4-NP) to 4-aminophenol 

(4-AP) was also tested. Interestingly, superior photocatalytic efficiency was observed for 

bimetallic nanoparticles as compare to monometallic and bare C3N4 QD. Hence, it can be 

concluded that the advantages for this synthesis are in manifold. Firstly, a metal free fluorescent 

semiconductor (C3N4 QD) is used as a photoreducing agent. Secondly, a simple and highly 

reproducible method for the synthesis of mono- and bimetallic NPs is reported. Finally, the 

necessity of any external stabilizing and reducing agent can also be eliminated.   
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5.2 Experimental Section 

 

5.2.1 Synthesis of C3N4 Quantum Dot 

 

  Solid powder of C3N4 QDs was synthesized using urea and trisodium citrate and reported 

elsewhere [40]. In brief, 0.101 g urea and 0.081 g trisodium citrate were well grinded and 

properly mixed in a mortar pestle. Afterwards, the grinded powder was kept in a covered 

crucible and heated at 180 °C for 1 hour in a muffle furnace. After the  furnace heating, dark 

brown coloured QDs powder was obtained which further washed with methanol 3-4 times to 

remove the extra impurities and dried in oven. Thereafter, 100 mg of dry C3N4 QDs powder was 

dissolved in 10 mL water and dialyzed against Milli-Q water using 10,000 kDa MW cut off 

dialysis membrane. The dialysed solution was then preserved and used as photocatalyst for the 

synthesis of metal nanoparticles. After dialysis, C3N4 QDs showed a strong green fluorescence 

colour under the UV irradiation (λ = 365 nm).  

 

5.2.2 Synthesis of Mono- (Au and Pd) and Bimetallic (AuPd) Nanoparticles 

 

Synthesis of Au and Pd nanoparticles were carried out by using dialyzed C3N4 solution as 

a photo-reducing agent. Dialyzed solution 40.0 µL of C3N4 and 100.0 µL of 10
-2

 M HAuCl4 were 

added in 30% (volume ratio) ethanol solution. The total volume of the reaction mixture was 5.0 

mL (1.5 mL absolute EtOH + 3.38 mL water) and kept under the UV lamp (λ = 365 nm) for 2 h 

in a closed system. The solution was continuously stirred during the UV light irradiation. After 2 

h, the colour of the UV light exposed solution was changed to pink, indicating the formation of 

gold nanoparticles. However, Pd nanoparticles were also synthesised following a similar method 

of Au NP, except 100.0 µL of K2PdCl4 (10
-2

 M) was used instead of HAuCl4. In this case, black 

coloured Pd nanoparticles were obtained after the UV light irradiation for 2 h.  

In case of AuPd alloy nanoparticles synthesis, a co-reduction technique was followed, 

where both HAuCl4 (50 µL of 10
-2 

M) and K2PdCl4 (50 µL of 10
-2 

M) were added instead of 

using only one metal precursor. Finally, a pinkish black solution was obtained for AuPd alloy 

after 2 h of UV light illumination. It can be noted that during the synthesis of mono- and 

bimetallic NPs no extra reducing agent was added. Both the as-synthesized Au and Pd NPs were 

very much stable for long time, whereas AuPd bimetallic alloy showed a relatively less stability 
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and appeared with a black precipitate after 24 h of synthesis. Hence, to avoid any kind of 

agglomeration in AuPd alloy, polyvinylpyrrolidone (2.8 mL of 2×10
-3

 M) was added as stabilizer 

after the formation of NP, i.e., after 2 h of UV light irradiation. The overall synthetic procedure 

of mono- and bimetallic NPs is schematically shown in Scheme 5.1. 

 

5.3 Results and Discussion 

 

5.3.1 Characterization   

 

5.3.1.1 UV-visible Absorption Study of Mono- and Bimetallic NPs  

 

 UV-vis absorption spectrum of the dialysed C3N4 solution is shown in Figure 5.1. It can 

be seen from Figure 5.1 that the C3N4 QDs shows a clear band at 330 nm with a rising baseline 

around 450 nm, which can be related to the characteristic absorption peak of the graphite like 

stacked layered structure as well as the π-π conjugation in C3N4 [40,41]. Similar kind of UV-vis 

pattern for C3N4 solution i.e., stacked layer structure and π-π conjugation is also reported in the 

literature [40,42,43]. Using classical tauc approach, energy band gap (Eg) for the C3N4 QDs was 

calculated to be 3.24 eV (inset of Figure 5.1), which is nicely matching with the reported 

literature values. The widening of the HOMO-LUMO energy gap depends upon the quantum 

confinement effect of smaller size nanoparticles [42]. 

 

UV-vis spectrum for Au NP exhibits characteristic plasmon band at 532 nm, as can be 

seen in Figure 5.1. This region of UV-vis study clearly indicates the formation of Au NPs and 

the surface plasmon band of Au is greatly affected by the particle size, shape, surrounding 

environment, and interparticle interactions [24,44,45]. As there is no characteristic peak for the 

case of Pd NPs, a featureless nature is attained.  AuPd bimetallic NPs show an absorption band at 

532 nm for Au(0), also indicates the presence of Au within the solution. During the synthesis of 

metal NPs, only 40.0 µL of C3N4 dialyzed solution was used which does not any characteristic 

peak in the plasmon band of mono- and bimetallic NPs. 
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Figure 5.1 UV-vis absorption spectra of C3N4 QDs, Au, Pd, and AuPd NPs. 30% ethanol 

solution was used as a reference. Inset shows (Ep)
2
 vs. Ep plot for band gap (Eg) 

calculation of C3N4 QDs 

 

5.3.1.2 Powder X-ray Diffraction Study of Mono- and Bimetallic NPs  

 

 The structural identity and phase purity of the as-obtained C3N4 QDs as well as all Au, 

Pd, AuPd NPs were confirmed using the powder X-ray diffraction (PXRD) patterns, as shown in 

Figure 5.2.a. The XRD pattern of pure C3N4 QDs reveals distinct reflections at 2θ = 13.1 and 

27.7, correspond to the (100) equivalent planes and interlayer stacking of aromatic segments, 

which can be indexed to (002) reflection plane, (Figure 5.2.b). This result is consistent with the 

previous reports [40,42]. In case of Au samples, the PXRD pattern shows four separate 

reflections at 2θ = 38.11, 44.29, 64.81, and 77.60, corresponding to (111), (200), (220), and 

(311) planes of Au NPs, respectively (JCPDS No. 89-3697) [44]. Two reflection peaks at 39.94 

and 46.28 assigned to (111) and (200) planes of face centered cubic Pd NPs (JCPDS No. 87-

0645) were observed [6,7]. Subsequently, in AuPd bimetallics, PXRD spectrum shows the 

presence of both Au and Pd with a minor shift and significant broadening of the Au reflection 

planes. The 2θ values are at 38.63, 44.74, 65.18, and 77.98 corresponds to (111), (200), (220), 

and (311) crystal planes. This peak shift and broadening may originate due to the interaction 

between Au and Pd atoms and associate lattice strain which confirms the formation of bimetallic 

alloy NPs [3,8,46]. 
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Figure 5.2 (a) Powder X-ray diffraction patterns of Au, Pd, and AuPd NPs. During PXRD 

measurement scan rate was fixed at 2° per min and (b) PXRD patterns for C3N4 QDs 

powder before dialysis 

 

5.3.1.3 Morphological Analysis of Mono- and Bimetallic NPs 

 

 In order to confirm size, shape, and morphology of the photochemically synthesized C3N4 

QDs, Au, Pd, and AuPd NPs, TEM studies were performed, which are depicted in Figure 5.3-

5.6. TEM image and the size-distribution histogram of bare C3N4 QDs (Figure 5.3), shows well 

dispersed particles of uniform in size 4.5±1.1 nm.  

 

 

 

Figure 5.3 (a) TEM image of dialysed C3N4 QDs solution prepared by urea and trisodium 

citrate and (b) size-distribution histogram (4.5±1.1 nm) 
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Figure 5.4.a, b and c represent the TEM images at low and high resolution of Au NPs of 

average sizes 6.8±1.3 nm and of spherical shape. The corresponding size distribution histogram 

for Au NPs is shown in Figure 5.3.a. High-Resolution TEM image (Figure 5.4.c) reveals the d-

spacing value of 0.24 nm corresponds to (111) lattice plane of Au NPs. The presence of (111) 

and (200) diffraction planes for Au NPs are also confirmed from SAED analysis shown in 

Figure 5.6.a.  
 

 

 

Figure 5.4 (a) TEM image of Au NPs and (b) High Resolution TEM images of Au NPs and 

(c) d-spacing calculation of Au NPs 

 

 
 

Figure 5.5 (a) Size-distribution histogram of Au NPs (6.8±1.3 nm) and (b) size-distribution 

histogram of Pd NPs (10.1±1.2 nm) 

 

Plain view TEM and HRTEM images of Pd NPs are shown by Figure 5.7.a, b and c, 
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which illustrate that Pd NPs are not fully monodispersed like Au NPs. However, as illustrated in 

the size distribution histogram in Figure 5.5.b the average particle size for Pd is 10.1±1.2 nm. 

HRTEM image shows a d-spacing value of 0.23 nm correspond to the (111) plane of Pd NPs, 

which is also supported by the SAED analysis (Figure 5.6.b).  

 

 
 

Figure 5.6 Selected area electron diffraction patterns in (a) Au, (b) Pd and (c) AuPd NPs 

 

 

 

Figure 5.7 (a) TEM image of Pd NPs and (b) High Resolution TEM images of Pd NPs and 

(c) d-spacing calculation of Pd NPs 

 

Figure 5.8.a, b and c shows low & high resolution TEM image of AuPd alloy 

nanoparticles which are spherical in shape. The average diameter of AuPd alloy is calculated to 

be 9.6±1.9 nm and the size-distribution histogram is shown in Figure 5.8.d. The interplanar 

spacing of 0.24 nm is due to the spacing of (111) crystal plane for alloy nanoparticles. The 

equivalent planes can be seen from SAED pattern shown in Figure 5.6.c. All the interplanar 

spacing value for Au and Pd NPs are in good agreement with previously reported values [6,7,24].     
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Figure 5.8 (a) TEM image of AuPd NPs, (b) High Resolution TEM images of AuPd NPs, (c) 

d-spacing calculation of AuPd NPs and (d) size-distribution histogram for AuPd NPs 

 

 
 

Figure 5.9 EDS spectra of (a) Au, (b) Pd and (c) AuPd NPs 

 

Furthermore, the EDS analysis of the Au, Pd and AuPd NPs are shown in Figure 5.9.a, b 

and c to further ensure the presence of Au and Pd metals. Peaks correspond to C and N also 

confirms the presence of C3N4 surrounding metal NPs. EDS line mapping of AuPd alloy clearly 

illustrates the presence of both Au and Pd along with C and N. The line mapping results Au:Pd = 
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1:1, which further confirms the combination of Au and Pd in AuPd alloy, as shown in Figure 

5.10.  

 

 

 

Figure 5.10 Line spectrum of AuPd NPs solution shows the presence of both Au and Pd 

nanoparticles with C and N from g-C3N4 

 

 

 

Figure 5.11 EDS mapping of AuPd alloy NPs shows the presence of both Au and Pd 

nanoparticles with C and N from C3N4 
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To demonstrate the space distribution of Au and Pd in AuPd alloy NPs, EDS area 

mapping analysis is performed (Figure 5.11), which confirms the presence of Au and Pd 

nanocrystals within the alloy NPs. 

 

5.3.1.4 Surface Chemical Analysis of Au, Pd and AuPd Nanoparticles on C3N4 Surface 

 

 To investigate the surface chemical properties, material compositions and the oxidation 

states of the metal (Au, Pd, and AuPd) nanoparticles synthesized on C3N4 surface, XPS 

technique was employed as a characterizing tool. Successful formation of all types of metal 

nanoparticles on g-C3N4 surface as well as their oxidation states are depicted in Figure 5.12. 

Figure 5.12.a shows a comparison of the survey spectra for bare and bimetallic AuPd 

nanoparticles decorated graphitic carbon nitride surface. Both spectra appear with strong 

existence of C 1s (285 eV), N 1s (399 eV) and O 1s (532 eV) core level binding energy peaks 

along with Si 2p (100 eV) and Si 2s (150 eV) BEs, originated from the Si substrate. In addition, 

clear existence of Au 4f (87.3 eV and 83.6 eV) as well as Pd 3d (340 eV and 335 eV) doublets 

within the AuPd nanostructure confirms the successful formation of bimetallic nanoparticles of 

AuPd alloy on the C3N4 surface. High resolution scans of C 1s and N 1s core level spectra with 

various deconvolution components are shown for a clean C3N4 surface in Figure 5.12.b and 

Figure 5.12.c, respectively.  

 

The deconvoluted C 1s binding energy spectrum is fitted into four peaks at around 284.6 

eV, 286.2 eV, 288 eV and 289.2 eV, which can be attributed to C-C, C-N (or C-O), C=N and 

C=O bonding, respectively (Figure 5.12.b). Similarly, the N 1s BE spectrum of C3N4 is also 

deconvoluted into four peaks centering around 400.6 eV, 399.8 eV, 398.6 eV and 397.4 eV, 

corresponding to N-O (or N-H), N-(C)3, C-N-C, and C=N-C, respectively (Figure 5.12.c). These 

findings are in good agreement with earlier reported values of carbon nitrides [24-26]. High 

resolution Au 4f binding energy spectrum of the AuPd NPs synthesized on C3N4 surface is 

presented in Figure 5.12.d. Two binding energy peaks, positioned at 83.6 and 87.3 eV, appear 

with an energy separation was 3.7 eV and an intensity ratio of 0.75, which clearly represent the 

spin orbit splitting of metallic Au(0), i.e., zero oxidation state of Au4f7/2 and Au4f5/2, 

respectively. Similarly, the high resolution Pd 3d B.E. spectrum of AuPd/C3N4, with various 

deconvolution components is presented in Figure 5.12.e.  
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Figure 5.12 XP spectra of (a) wide scan survey of g-C3N4 and AuPd structure. High 

resolution scans of (b) C 1s, (c) N 1s spectra for g-C3N4, (d) Au 4f and (e) Pd 3d for Au-Pd 

structure 
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Deconvolution data mainly appears with two sets of Pd 3d doublets with an intensity ratio 

of about 68% for both cases. One pair centered at 335.3 eV and 340.6 eV corresponds to the 

metallic Pd(0) state of Pd 3d5/2 and Pd 3d3/2, respectively.  Whereas, the other Pd doublet 

positioned at 337.4 and 342.6 eV can be attributed to the Pd(II) oxidation state, suggesting that 

the Pd surface is partially oxidized [47]. However, a small amount of Au 4d5/2 component 

centered at 334.2 eV can also be observed within the deconvoluted part. High resolution scans of 

monometallic Au and Pd nanoparticles on C3N4 show very similar kind of results as can be seen 

in Figure 5.13. 

 

 

 

Figure 5.13 High resolution XP spectra (a) Au 4f and (b) Pd 3d for Au and Pd NPs on g-

C3N4 structure, respectively 

 

Figure 5.13.a represents the Au 4f scan of Au whereas for Pd, Pd 3d scan is presented in 

Figure 5.13.b. Both the monometallic nanoparticles appear with zero oxidation states. However, 

minor shifts in binding energy peak positions towards the higher energy for monometallic 

particles as compared to the bimetallic one have also been noticed. This observation is consistent 

with the exchange of electrons between Au and Pd NPs which may further result in more 

efficient transfer of electrons from the C3N4 substrate to the metal nanoparticles [48]. For a better 

understanding and clarity, every detail of all the deconvoluted spectra is summarized in Table 

5.1.  
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Table 5.1 Binding Energy positions and relative intensities of deconvoluted C 1s and N 1s 

spectra for g-C3N4 QDs and Au 4f and Pd 3d for AuPd, respectively 

 

Samples B. E. peaks Sub-peaks Area Position 

C3N4 

C 1s 

O=C-O 4769.405 289.196 

N=C-N 4523.938 288.064 

C-N or C-O 14633.09 286.263 

C-C 17741.68 284.66 

N 1s 

N-O or N-H 225.975 400.332 

N-(C)3 1801.691 399.54 

C-N-C 1210.976 398.63 

C=N-C 103.305 397.07 

AuPd 

bimetallics 

Au 4f 
Au 4f5/2 217359.3 87.291 

Au 4f7/2 288833.3 83.649 

Pd 3d 

Pd 3d3/2 243274.2 340.622 

Pd 3d5/2 357513.7 335.329 

PdO 3d3/2 185230.6 342.567 

PdO 3d5/2 265672.2 337.394 

Au 4d5/2 160017.6 334.392 

 

 

5.3.2 Formation Mechanism of Au, Pd, and AuPd NPs using C3N4 Photoreducing Agent 

 

 The mechanism of Au, Pd, and AuPd NPs formation using C3N4 as a photoreducing agent 

has been shown in Scheme 5.1.  

In brief, urea and sodium citrate in 6:1 was used to get a bright fluorescent C3N4 QDs at 

180 °C, using a muffle furnace. The purified QDs were consumed for the synthesis of mono- and 

bimetallic NPs under the illumination of UV light (λ = 365 nm). During the synthesis of metal 

NPs, 30% ethanolic solution was utilized as a solvent. Gold and palladium salts were taken with 

40.0 µL of C3N4 QD solution. Digital photographs of all the synthesized NPs have been shown 

in the Figure 5.14. 
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Scheme 5.1 Schematic representation for the formation of C3N4 QDs, Au, Pd, and AuPd 

NPs under UV light irradiation 

 

 

 

Figure 5.14 Digital photograph of C3N4 QDs, Au, Pd and AuPd NPs 

 

C3N4 QDs have stacked layer structure, which are analogues to the graphite structure. 

Like graphite, electrons circulation is also present in C3N4 QDs due to π‒π* charge transfer and 

the lone pair electrons of nitrogen which also participate in the conjugation [28,40,49]. C3N4 

QDs is also known as a metal free semiconductor photocatalyst with relatively higher band gap 
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of Eg = 3.24 eV, which makes it a UV light active material. Therefore, upon UV light irradiation 

on C3N4, electron and hole pairs can be generated within C3N4. Electrons situated in the valence 

band of C3N4 get excited and move to conduction band which are finally trapped by the metal 

ions and leads the reduction to synthesize metal nanoparticles. On the other hand, holes are 

scavenged by ethanol solvent (Scheme 5.2). Here, C3N4 is acting as a photoreducing agent, 

which sensitizes itself in the presence of UV light and provides electrons for reduction. The 

phenomena of photochemical synthesis of metal nanoparticles using a photoreducing agent are 

well supported in literature [23,50]. The probable mechanism for the formation of metal 

nanoparticles using a semiconductor photoreducing agent is illustrated below: 

 

 

 

Scheme 5.2 Schematic representation for the mechanism of charge transfer and the 

movement of electrons during the formation of Au, and AuPd NPs via photochemical route 

using C3N4 QDs as a photocatalyst 

 

 The above mentioned mechanism consists of six steps. At first, C3N4 QDs get excited 

upon illumination with UV light and electron-hole pair formation initiates. Secondly, the excited 

electrons in conduction band combine with AuCl4
‒
 to provide [Au

3+
Cl4

‒
]*(e

‒
) and reduce it to 

[Au
2+

Cl3
‒
]. In third step, reduced metal ions become unstable and undergo fast 

disproportionation reaction to get the stability. Afterwards, [Au
+
Cl2

‒
] species again undergoes 

slow disproportionation to form [Au
2+

Cl3
‒
] ions and Au(0), which is reduced easily. Thereafter, 
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net disproportionation reaction leads to the formation of the metal nanoparticles, which increases 

with time by continuing the same reactions. Finally, the reduced metal atoms (Au, Pd and AuPd) 

associated to form metal nanoparticles, which are investigated by their specific surface plasmon 

bands. 

 

 

 

To investigate the role of C3N4 QD, UV light, and electrons in conduction band during 

the synthesis of metal NPs, various control experiments were performed and monitored by UV-

vis spectroscopy. Firstly, synthesis of gold nanoparticles was carried out without any C3N4 QDs 

while other conditions were remain unaltered. All the control experiments were performed up to 

5 h, which is far beyond our experimental time scale (2 h). In the absence of C3N4, the yield of 

nanoparticle formation is found to be close to zero. However, Figure 5.15 shows a small broad 

peak at 510-570 nm, which presumably due to presence of ethanol and water solvent.  

El-Sayed and co-workers have also reported similar kind of observation when ethylene 

glycol was used as a photoreducing agent in presence of PVP and water solvent [23]. Secondly, 

same synthetic route was followed for gold nanoparticles without using any UV-irradiation. The 

whole reaction was performed in presence of visible light. The yield of NP formation is found to 

be zero and no pink colour was observed, which proves the significance of the UV light to excite 

the electrons from the valence band to the conduction band. Similar experiment was also carried 

out in the dark and the yield of NP formation is found absolutely zero. A very small peak due to 

the reduction of HAuCl4 in ethanol water mixed solvent is observed. Therefore, we can conclude 

that to synthesize metal NPs both C3N4 and UV light are essential and an overall study is 
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depicted in Figure 5.15. To confirm the role of photoexcited electrons during the synthesis of 

metal NPs, scavenging experiment was performed where electrons were trapped by using an 

established electron scavenger tertiary-butyl alcohol (TBA), keeping all others experimental 

parameters unchanged except 0.5 mL of TBA added in the reaction solution and monitored the 

formation of metal nanoparticles in presence of UV light.  

 

 
 

Figure 5.15 UV-vis absorption spectra of Au solution synthesized in different conditions (in 

absence of UV light, without C3N4 QDs, in dark, and with experimental procedure) 

 
 

 
 

Figure 5.16 UV-vis absorption spectra of Au NPs solution synthesized in presence of an 

electron scavenger, tert-butyl alcohol (TBA) and with experimental procedure (without 

electron scavenger) 

It can be seen from Figure 5.16 that there is no formation of metal nanoparticles as all 

the photogenerated electrons were scavenged by TBA. This phenomenon clearly validates the 
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contribution of excited electron in C3N4 for the synthesis of metal nanoparticles. Synthesis of 

metal NPs was also carried out in water instead of ethanol water mixed solvent, which 

significantly decreases the rate of disappearance of the Au
3+

 ion. Therefore, it is obvious that for 

photoreduction reaction ethanol acts as hole scavenger to restrict recombination of photo-

generated electron-hole pairs. Sun and co-workers also reported the hole scavenging property of 

ethanol during the Au NP synthesis [24]. 

All the as-synthesized monometallic NPs are very stable, whereas, AuPd bimetallic NP 

agglomerated within 24 h. To prove the stabilizing nature of C3N4, zeta potential measurements 

were performed. The zeta potential value of bare C3N4 QDs is measured as 71.2±2.8 mV. While, 

zeta potential values for Au, Pd, and AuPd NPs (without PVP) show 37.8±2.3 mV, 30.9±1.6 

mV, and 26.3±3.3 mV, respectively. Lowering the zeta potential values for metal NPs is due to 

the adsorption of negatively charged counter ions, i.e., Cl
‒
 ions. Sun and co-workers also 

reported a lowering of zeta potential when the Cl
‒
 counter ion was adsorbed onto the metal NP 

surface [24]. Therefore, the presence of C3N4 surrounding metal NPs confirms that C3N4 may act 

as a support for the growth of metal nanoparticles. Less stability of AuPd alloy as compared to 

monometallic Au and Pd NPs, presumably due to the small amount of C3N4 present in the 

solution which also reflects from the lowering of zeta potential value. Furthermore, to stabilize 

AuPd alloy NPs PVP (2.8 ml of 2×10
-3

 M) was added just after the formation of bimetallic NPs, 

i.e., after 2 h of UV light illumination. Addition of stabilizer after the formation of NPs was also 

reported by Pal and co-workers during the synthesis of Se NPs [51]. Presence of C3N4 

surrounding the NPs also confirmed from photoluminescence study. It is well known that metal 

NPs are good quencher of electrons when a mixture of metal and fluorescent molecule brings in 

close proximity. The fluorescence quenching was observed when Au, Pd, and AuPd NPs were 

prepared using C3N4, which further proves that C3N4 was directly anchored with metal NPs as 

shown in Figure 5.17.  

C3N4 appears with a broad PL band in between 400-650 nm at λexc = 400 nm, whereas 

with metal NPs the PL intensity is significantly reduced [40]. In case of bare C3N4, electrons and 

holes are less separated and recombination process takes place quite easily. Whereas, metal NPs 

behave as an electron sink which efficiently block the recombination process of electron-hole 

pair and further reduce the PL intensity for enhanced reactivity [21]. 
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Figure 5.17 Comparative photoluminescence spectra of C3N4 QD, Au, Pd, and AuPd NPs 

 

 

5.3.3 Application of Mono- and Bimetallic NPs in Nitrophenol Reduction 

 

5.3.3.1 Para-nitrophenol Reduction 

 

 Water pollution by phenolic and nitrophenol compounds is of immense global concern 

and the most sensitive area of environmental research. Nitrophenols are the most obstinate 

pollutants that found mainly within the waste water materials. Moreover, nitrophenol compounds 

and their derivatives can also be originated from industrial wastes, herbicides, pesticides, 

insecticides and various synthetic dyes, which deteriorate the environment to a great extent.  

To check the reactivity of the as-prepared mono- and bimetallic NPs, a model reduction 

reaction of 4-nitrophenol (4-NP) was carried out. Total 3.0 mL solution was prepared using 

water, 4-NP, NaBH4, and catalyst. Freshly prepared 300.0 µL of 10
-1

 M NaBH4 solution and 30.0 

µL of 10
-2 

M 4-NP solution were used for this reduction reaction. 30.0 µL of catalyst was added 

in each case. The overall reaction was monitored in a quartz cuvette. The peak centered at ~ 400 

nm was monitored indicating the conversion of 4-NP to 4-aminophenol (4-AP). The percentage 

of conversion of the 4-NP to the 4-AP can be calculated using the following equation: 

 

% Degradation = (A0 - At)/A0 × 100 

where, A0 = initial absorbance and At = absorbance at time ‘t’. 

A significant absorption peak at 315 nm was appeared in pure 4-NP. When a freshly 
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prepared NaBH4 (10
-1

 M) solution was added into the 4-NP, the absorption peak was shifted to 

400 nm, analogous to the 4-nitrophenolate ions where, nitrophenolate ion behave as an oxidant 

and BH4
‒
 as a reductant. In absence of any catalyst, BH4

‒
 is incapable of reducing 4-NP to the 

corresponding amino compound and the peak intensity of nitrophenolate at 400 nm remains 

unaffected with time, which verifies that the reduction reaction doesn’t occur. It is established by 

a control experiment that after addition of NaBH4, 4-NP converted to the phenolate ion with a 

shift in 315 nm peak. The new peak at 400 nm appeared due to the formation of phenolate ion 

from 4-NP. The phenolate ion solution is very stable and the peak intensity at 400 nm is 

unaltered with time, which is confirmed from UV-vis spectra, shown in Figure 5.18. 

 

 

 

Scheme 5.3 Schematic representation for the conversion of 4-NP to 4-AP with their 

corresponding λmax values 

 

Hence, our as-prepared NPs are employed as a catalyst for the reduction of 4-NP to 4-AP. 

After addition of a catalyst, the reduction of 4-NP was initiated, which can be visualised by 

tracking the gradual decrease in absorption intensity of 4-nitrophenolate ions at 400 nm, 

accompanying the appearance of a new peak of 4-AP at 301 nm. The conversion of 4-NP to 4-

AP via the formation of phenolate ion and their respective λmax values are represented in Scheme 

5.3. This successive decrease in the peak intensity at 400 nm was taken into consideration for the 

kinetic study of the reaction. The overall reduction reaction and kinetics can easily be monitored 

by using the UV-vis spectroscopy. 
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Figure 5.18 UV-vis absorption spectra of 4-nitrophenol and 4-nitrophenolate ion after 

addition of NaBH4 in the absence of any catalyst 

 

The conversion process is directly studied by UV-vis spectra at different time intervals. 

The ratio of the concentrations of nitrophenolate ion at different time intervals will be helpful to 

get the values of At/A0. The exponential nature of At/A0 vs. time (min.) plot specify the pseudo 

first order reaction. Since, the NaBH4 is present in excess amount than 4-NP, the rate of 

reduction reaction is supposed to be independent of borohydride concentration. From the linear 

plot of ln(At/A0) vs. time (min.), it is confirmed that the reduction reaction follows the pseudo-

first order kinetics and the conclusion about the reactivity can be made by calculating the rate 

constants from the slop using the following equation. 

ln(A0/At )= kt 

The plot of At/A0 vs. time (t) for the reduction of 4-NP using C3N4 QDs is shown in 

Figure 5.19.a, which shows ~ 60% reduction of 4-NP to 4-AP within 70 min. The exponential 

nature of At/A0 vs. time (min.) plot demonstrate the pseudo first order kinetics as shown in 

Figure 5.19.b. The rate constant for the reduction reaction is calculated from the slope of 

ln(At/A0) vs. time (min.), as shown in Figure 5.19.c. The rate constant (k1) for the C3N4 QDs is 

calculated to be 0.1×10
-1

 min
-1

.  

In case of Au NPs, the reactivity increases as compare to the bare C3N4 quantum dots. 

Figure 5.20.a exhibits ~ 99% conversion of 4-NP to 4-AP within 40 min in presence of Au 

nanoparticle. The exponential nature and straight line in Figure 5.20.b and c illustrates the 

pseudo first order reaction. The value of rate constant obtained from the slope of Figure 5.20.c is 
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0.9×10
-1

 min
-1

, which is ~ 9 times higher than bare C3N4.  

 

 
 

Figure 5.19 UV-vis absorption spectra of (a) 4-nitrophenol reduction in presence of C3N4 

(b) At/A0 vs. time (min) plot and (c) ln (At/A0) vs. time (min) plot. Conditions: [4-NP] = 10
-4

 

M and amount of catalyst = 30 µL 

 

 

 

Figure 5.20 UV-vis absorption spectra of (a) 4-nitrophenol reduction in presence of Au 

NPs, (b) At/A0 vs. time (min) plot and (c) ln (At/A0) vs. time (min) plot. Conditions: [4-NP] = 

10
-4

 M and amount of catalyst = 30 µL 

 

Further, the catalytic reaction was carried out using Pd NPs which shows a higher rate of 

the reaction with a rate constant value is 1.5×10
-1

 min
-1

. Figure 5.21.a shows ~ 99% of 

conversion within 25 min and exponential curve is obtained from At/A0 vs. time (min.) plot 

(Figure 5.21.b). The higher rate constant value using Pd is also reported in the literature for 

various organic reactions like hydrogenation of phenol, hydrogenation of nitroarenes etc. [6,7,9]. 

ln(At/A0) vs. time (min.) graph shows a straight line, shown in Figure 5.21.c, which further 

explains similar kinetics.  
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Figure 5.21 UV-vis absorption spectra of (a) 4-nitrophenol reduction in presence of Pd NPs, 

(b) At/A0 vs. time (min) plot and (c) ln (At/A0) vs. time (min) plot. Conditions: [4-NP] = 10
-4

 

M and amount of catalyst = 30 µL 

 

 

 

Figure 5.22 UV-vis absorption spectra of (a) 4-nitrophenol reduction in presence of AuPd 

NPs, (b) At/A0 vs. time (min) plot and (c) ln (At/A0) vs. time (min) plot. Conditions: [4-NP] = 

10
-4

 M, [NaBH4] = 0.1 M, and amount of catalyst = 30 µL 

 

In case of AuPd NPs, the reduction reaction proceeds very quickly and gives ~ 99% 

conversion within 15 min (Figure 5.22.a), which exhibits a rate constant value of 2.6×10
-1

 min
-1 

from the slope of Figure 5.22.c. The straight line nature in ln(At/A0) vs. time (min.) graph 

(Figure 5.22.c) further explains the kinetics of the reaction, which also observed in C3N4, Au 

and Pd NPs.  

Based on the above findings it can be deduced that the reactivity towards the conversion 

of 4-NP to 4-AP remarkably superior with AuPd. Therefore, the descending order of rate 

constant for 4-NP to 4-AP conversion is kAuPd > kPd > kAu > kC3N4. The comparative study in rate 
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constants and percent conversion after 15 min from 4-NP to 4-AP (using all the NPs) are 

presented in Figure 5.23.a and b, respectively. The final product is further scrutinized by UV-vis 

as well as mass spectroscopy.  

 

      

 

Figure 5.23 (a) Comparative study of rate constants (k) using C3N4 QDs, Au, Pd, and AuPd 

NPs for the nitrophenol reduction reaction and (b) comparative study of percent 

conversion from 4-NP to 4-AP in 15 min C3N4 QDs, Au, Pd & AuPd NPs 

 

 

 

Figure 5.24 UV-vis absorption spectra of pure 4-aminophenol and reaction mixture 

 

The UV-vis spectra of standard aqueous solution of 4-AP and reaction mixture are 

compared and shown in Figure 5.24. It is clearly visible from UV-vis spectra (Figure 5.24) that 

standard 4-AP shows a peak at 297 nm. Whereas, reaction mixture exhibits a peak at 301 nm, 
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which is well matched with standard 4-AP, further prove for the formation of 4-AP. Standard 4-

NP, standard 4-AP, and reaction mixture was further analysed by mass spectroscopy to confirm 

the presence of molecular ion (m/z) peak of the compound (Figure 5.25). Characteristic m/z = 

139.0443, 109.9740, 109.9084 are observed for standard 4-NP, 4-AP, and reaction mixture, 

respectively which confirm the formation of 4-AP in the reaction mixture (Figure 5.25).  
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Figure 5.25 Mass spectra of (a) pure 4-nitrophenol, (b) reaction mixture and (c) pure 4-

aminophenol. The molecular ion peak for all is encircled 

 

 In general, catalytic activities of the noble metal nanoparticles (Au, Pd, and AuPd) can 

quantitatively be determined by the reduction process of 4-nitrophenolate ions to 4-AP via 

electron transfer mechanism (Scheme 5.3). Recent trend shows that the bimetallic nanoparticles 

are even superior catalysts as compared to the monometallic ones [52]. Our findings of enhanced 

catalytic activity of AuPd alloy with respect to the individual Au and Pd nanoparticles are very 

much in line with recent reports, which can be explained in terms of complete miscibility of Au 

and Pd atoms with little lattice mismatch, significantly differ electro-negativities as well as vastly 

different catalytic properties. Relatively higher electro-negativity of Au (2.54) as compared to Pd 

(2.2) may influence in partial transfer of electrons from the Pd atoms towards the Au atoms 

within the alloy nanoparticles. This process causes an overall decrease of electron affinity of Au 

atoms within the bimetallic alloys as compared to that of monometallic. Hence, it will resultantly 

enhance the reduction process of 4-nitrophenolate ion to 4-AP (Scheme 5.3). High resolution 

XPS scans of Au 4f spectra strongly support the partial electron transfer mechanism where a 

little shift of Au 4f7/2 binding energy peak from 87.7 eV (monometallic) to 87.3 eV (bimetallic) 

can also be observed. In contrast to Au, a slight increase in electro-negativity may occur for Pd 

atoms within the alloy nanoparticles due the partial transfer of charge, although it will be far 

lower than that of Au and hardly effect on 4-NP reduction process. However, the enhanced 
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catalytic activity of Pd within the alloy compound can be explained in terms of lattice strain. As 

the gold atoms (144 pm) are slightly bigger in size as compare to the palladium atoms (137 pm), 

usually Pd nanocrystals experience a tensile stress within the alloy nanoparticles. Significant 

broadening in AuPd XRD peaks (Figure 5.2) also indicates a strained lattice condition. 

However, this tensile strain can significantly alter the position and width of the d-band energy 

configurations of Pd atoms leading to a reduction of the d orbitals overlapping. As a 

consequence, band narrowing as well as decrease in ionization potential may also occur. This 

effect is also complementary with our high resolution XPS scans, where a peak shift (0.8 eV) 

towards the lower energy for Pd 3d3/2 BE spectra has been observed for bimetallic as compared 

to monometallic Pd nanoparticles. A similar kind of peak shifts for core-shell structures have 

recently been reported by Chen and co-workers [53]. The density functional theory (DFT) 

calculations reported by Norskov and co-workers [54] also explained how the effect of structure 

(ensemble) and electronic (ligand) properties can modify the catalytic effect of Au/Pd (111) 

surface. Moreover, the substrate effect (C3N4 QD) on different nanoparticles has to be taken in 

account as well. Therefore, all the above mentioned reasons can lead the bimetallic alloy a 

superior catalyst as compared to monometallic ones.  

 

5.4 Conclusion 

 

 In conclusion, we have developed a facile method for the synthesis of mono- and 

bimetallic alloy nanoparticles via photoreduction using C3N4 quantum dots as a photocatalyst. 

The role of C3N4 QDs in the synthetic procedure was explained by performing several controlled 

experiments. The present study has revealed that very less amount (40 µL) of g-C3N4 may act 

like a stabilizer in the synthetic procedure. The probable mechanism behind the NPs formation 

has been illustrated clearly and the as-synthesized samples were efficiently used for the 4-NP 

reduction. It was demonstrated that bimetallic AuPd alloy is a superior catalyst to convert 4-NP 

to 4-AP as compared to others with higher rate constant (k) value. This superior activity is 

consistent with the exchange of electrons between Au and Pd NPs in AuPd alloy, which may 

further result in more efficient transfer of electrons from the g-C3N4 substrate to the metal 

nanoparticles. Future efforts are being directed towards the synthesis of other mono- and 

bimetallic nanoparticles with long term stability as well as the effective reactivity.  
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Chapter 6 

 

Decoration of MoS2 on g-C3N4  

for Enhanced Electrochemical Hydrogen 

Evolution Reaction and RhB Dye 

Degradation  

 
 A facile hydrothermal approach for the decoration of molybdenum disulfide on g-C3N4 

surface has been introduced and MoS2/g-C3N4 heterostructure has been synthesized.  

 The heterostructure of MoS2/g-C3N4 utilized as visible light active catalyst for RhB 

degradation and as electrocatalyst for hydrogen evolution reaction and demonstrated 

higher activity.  
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Abstract 

 

 The increasing demand for energy and strain on the environment due to human 

activities has led to an increased focus on the development of cleaner alternative fuels. 

Hydrogen gas is found as a substitute in the progress of sustainable energy sources due to 

its high calorific values and clean combustion products. In this work molybdenum disulfide 

(MoS2) decorated on graphitic carbon nitride (g-C3N4) was synthesized via a simple 

hydrothermal route. The morphology and surface structure of MoS2/g-C3N4 were analyzed 

by SEM, TEM, and EDS techniques. The crystal structure, optical properties, and 

elemental composition of the catalyst were investigated by PXRD, UV-vis, RAMAN, and 

XPS. BET analysis is carried out to determine the surface area of both MoS2 and MoS2/g-

C3N4. The catalyst material, MoS2/g-C3N4 demonstrates enormous improvement in 

production of H2 with low onset potentials (‒0.24 V vs. RHE), small Tafel slope (63 

mV/dec), and excellent cycling stability as compared with bare MoS2. The enhanced 

electrochemical performance of the MoS2/g-C3N4 heterostructure could be attributed to 

higher charge carrier mobility in heterostructure interface, improved specific activity and 

large surface area. Moreover, it also exhibited visible-light driven photocatalytic activity in 

Rhodamine B (RhB) dye degradation. The focus of this study is to construct a new MoS2 

based semiconductor heterostructure electrocatalyst with improved HER activity and 

photocatalyst with higher degradation efficiency. 
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6.1 Introduction 

 

 Energy is one of the most important contributors to the growth of the human economy. In 

2013, the total power consumption in the world exceeded exponentially (18 TW) [1-3]. Huge 

increasing energy crises in the near future and issues of environmental pollution, semiconductor 

photocatalyst have fascinated the attention of researchers and offered “green” route for hydrogen 

production [4-6]. Nearly 86% of this energy was produced by the use of fossil fuels such as oil, 

coal, and gas. Apart from the production of large quantities of CO2, which is linked to the 

increasing global temperature, this activity has also caused the depletion of the earth’s reserves 

of these fuels [3]. This has accelerated the research on green and renewable sources of energy 

such as the wind, hydro, solar power, and alternative fuels [1-4]. Among the various renewable 

sources of energy being investigated, hydrogen gas has been put forth as the most viable 

alternative fuel for the future. H2 gas is a carbon-free fuel, having high calorific value (142 

MJ/kg), an ideal energy carrier and avoid the elimination of any waste product when combined 

with O2 in a fuel cell [1-3]. During the past few years, a range of catalysts have been developed 

for H2 production, but the activity is hindered due to wide band gap and stability issues. 

Therefore, the effectiveness is still far from practical applications and there is a requirement to 

design more efficient alternatives for HER [3-6]. 

Graphitic carbon nitride (g-C3N4), has emerged as a metal-free semiconductor with 

intensive application in electrocatalysis to produce H2 from water [6]. g-C3N4 attracted the 

attention of many researchers as it is an n-type semiconductor acquiring stacked 2D layered 

structure with high thermal and chemical stability, low cost and environment benign [6-11]. In 

addition, it has an appealing electronic structure with 2.7 eV band gap, has endowed its light 

absorption range to visible region [8-11]. The drawbacks associated with bare g-C3N4 are low 

quantum efficiency, limited delocalized conductivity and spontaneous recombination between 

the photogenerated electron-hole pair, which lead to low photocatalytic efficiency [7,10]. 

However, there are numerous methods to improve the performance of g-C3N4 for optimal 

photocatalysis including the deposition of noble metals [12], doping of non-metals [13,14], 

coupling with the other functional materials [9-11]. These modified routes enhance the surface 

area and restrict the recombination of charge carriers, which extensively increase the catalytic 

activity than bare materials [13-20]. Wang and co-workers developed a low-cost, robust, non-
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toxic, and metal free 2D nanosheets of C3N4, a conjugated polymer for hydrogen evolution 

photocatalytically and other application purposes [21-24]. The same group has also reported the 

decoration of cocatalysts (Pt and Co3O4) on C3N4 surface for overall water splitting [25,26]. The 

presence of cocatalysts reduces the activation energy barrier and increases the reaction kinetics 

of g-C3N4 polymers. They have also reported CoSe2 as a versatile cocatalyst for efficient water 

oxidation photocatalytically under the illumination of visible light [27].  

Molybdenum sulfide (MoS2), a transition metal dichalcogenide has attracted attention as 

an electrocatalyst for hydrogen evolution [14-18]. Molybdenum (Mo) metal is relatively earth-

abundant and therefore much cheaper than noble metal which is widely used in hydrogen 

evolution reaction (HER). Thus, Mo based catalysts offer significant advantages over noble 

metal catalysts as electrocatalysts [14-17].
 
It has also been considered an ideal cocatalyst as it 

possesses large specific surface area, narrow band gap (1.9 eV) and proper band edge potential 

for the interfacial charge transfer in heterostructure [14-17]. In the hexagonal close packed 

structure of MoS2, Mo atoms are located between two layers of sulfur atoms like a sandwich. It 

also acquires layered structure similar to graphene, displays peculiar physical, optical, and 

electrical properties associated with its diverse structures [16-18]. The analogous layered 

structure of MoS2 and g-C3N4 also reduce the lattice mismatch, the planar growth of MoS2 could 

be accomplished on the g-C3N4 surface [18-19]. Despite considerable success, the design and 

fabrication of MoS2-based catalysts for HER with remarkable activity and durability remain a 

huge concern.  

The coupling of g-C3N4 and layered MoS2 could significantly reduce the charge carrier 

recombination and shows enhanced activity than those bare materials [19,20,28-30]. MoS2/g-

C3N4 heterostructures have been previously reported by researchers for electrocatalytic hydrogen 

production reaction and photodegradation of the pollutants [16]. Dickon and co-workers reported 

MoS2/g-C3N4 heterostructure for rhodamine B (RhB) and methyl orange (MO) dye degradation 

reaction. They have synthesized MoS2 nanosheets coupled into the carbon nitride via 

ultrasonication and reported 3.6 times higher reaction rate constant towards dye degradation than 

bare g-C3N4 [16]. Tian and co-workers described a facile impregnation and heating method for 

the synthesis of MoS2/g-C3N4 for H2 evolution under visible light irradiation. According to their 

photocatalysis results 11.3 times higher H2 evolution rate was achieved in case of 0.5 wt.% 

MoS2/g-C3N4 sample as compared to bare g-C3N4 with the production of 2.03 µmol h
-1

 H2 [19]. 
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Zhang and co-workers decorated the surface of g-C3N4 with MoS2 quantum dots via a wetness 

impregnation route. The catalytic activity was evaluated by HER using visible light illumination 

and 19.66 µmol h
-1

 yield of H2 was achieved [31]. Jiang and co-workers also reported MoS2/g-

C3N4 for enhanced photocatalytic H2 production [32]. Synthesis of layered MoS2 on hollow g-

C3N4 substrate for photocatalytic hydrogen evolution has been reported by Zheng and co-

workers. The enhanced activity is due the formation of layered junction between MoS2 and 

hollow C3N4, for efficient charge separation and active site formation [33].
 
Hou and co-workers 

also reported enhanced hydrogen production under visible light by developing layers of MoS2 on 

C3N4 surface [34]. Liu and co-workers synthesized ultrathin MoS2 on carbon nanospheres via 

solvothermal technique for enhanced hydrogen evolution reaction [35,36]. The same group also 

reported the pH effect on the growth of MoS2 and its application for hydrogen evolution [37]. 

Considering the prompt advancement and development of molybdenum based materials 

as promising electrocatalyst for sustainable hydrogen evolution, we were inspired to construct 

MoS2/g-C3N4 heterostructure, a semiconductor heterostructure with suitable band structure for 

hydrogen evolution reaction. MoS2 microstructures were decorated on g-C3N4 surface via the 

hydrothermal route in order to provide an improved framework for MoS2 and efficient 

production of H2. The morphology, chemical composition, and crystal structure were 

characterized systematically. The mechanism of HER and synergistic electron transfer were also 

discussed. In case of MoS2/g-C3N4, 10 mA/cm
2
 current density can be generated applying ‒0.26 

V vs. RHE applied potential, which is comparatively lower than bare MoS2 (‒0.43 V vs. RHE). 

The superior electrocatalytic activity of MoS2/g-C3N4 is elucidated with the help of impedance 

spectroscopy, Tafel plots, and electrochemically active surface area measurements. In addition, 

MoS2/g-C3N4 also demonstrated better performance in photocatalysis and achieved 91% 

degradation within 30 min with rate constant (k) value is 7.4x10
-2

 min
-1

. The synergistic 

interaction and flow of charge carrier species between MoS2 and g-C3N4 during photocatalysis 

have also been discussed. Therefore, the advantages of this work are multifold. First, this is a 

very convenient preparation method for the chemical coupling of two different layered materials 

to construct a new heterostructure. Second, the HER and dye degradation result strongly suggest 

the promise of an earth-abundant, robust, economic and extremely proficient metal-free hybrid 

catalyst based on MoS2 and g-C3N4. Furthermore, the enhanced activity towards HER suggests 

that the heterostructure has increased exposed active sites for catalytic reactions than bare 
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structure. Electrochemically active surface area is successfully calculated from the CV curve for 

both MoS2 and MoS2/g-C3N4 which shows that ECSA of MoS2/g-C3N4 is nearly 13 times higher 

compared to bare MoS2. This enhanced activity may be attributed to the intercalated structure of 

both the layered materials. BET surface area also supports the ECSA results. This finding may 

shed light towards substitution of noble metals by 2D-layered transition metal dichalcogenide 

and provide an insight to design performance-oriented structure for renewable energy 

applications.  

 

6.2 Experimental Section 

 

6.2.1 Synthesis of MoS2  

 

 For the synthesis of MoS2, a facile hydrothermal route was followed. 1.5 g ammonium 

molybdate as a molybdenum precursor and 0.75 g thiourea as a sulfur source were used. The 

precursors were dissolved in 70 mL water and the reaction mixture was poured into the Teflon 

lined autoclave reaction vessel for 24 h at 180 °C. Black colored MoS2 NPs was obtained after 

24 h. The final product was washed with water followed by ethanol and dried on a hot water 

bath.  

 

6.2.2 Synthesis of MoS2/g-C3N4 Heterostructure 

 

 g-C3N4 was synthesized using our previously reported method [20]. Briefly, 10 g of dried 

urea powder was treated thermally at 550 °C for 2.5 h in a muffle furnace using a covered 

crucible and yellow powder was collected as a product. The product was washed with 0.1 M 

HNO3 for the removal of impurities and grinded into powder. In 70 mL water, 0.05 g of g-C3N4 

powder was mixed with 1.5 g of ammonium molybdate and 0.75 g of thiourea. The reaction 

mixture was sonicated for 30 min. and poured into the Teflon lined autoclave vessel for 24 h at 

180 °C. Finally, the brown color product was extracted and cleaned with water and ethanol and 

dried in an oven. The overall synthetic procedure is shown in Scheme 6.1. To check the stability 

of bare g-C3N4, hydrothermal reaction was carried out at 180 °C for 24 h only dispersing g-C3N4 

in 70 mL water.  
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Scheme 6.1 Schematic representation of the formation of MoS2, and MoS2/g-C3N4 under 

hydrothermal conditions at 180 °C for 24 h 

 

6.3 Results and Discussion 

  

 Hydrothermal method was followed for synthesizing molybdenum sulfide using thiourea, 

and ammonium molybdate tetrahydrate as starting materials at 180 °C for 24 h. Using similar 

reaction conditions with the addition of g-C3N4, the heterostructure (MoS2/g-C3N4) was 

synthesized.  

 

6.3.1 Characterization 

 

 The synthesized materials were used for characterization using various characterization 

techniques and discussed below. 

 

6.3.1.1 X-ray Diffraction Study 

 

 In order to determine the phase and purity of the synthesized material, XRD analysis has 

been performed and the result is shown in Figure 6.1.a. In the XRD pattern of MoS2/g-C3N4 the 

peaks for MoS2 appeared at 2θ = 13.9°, 33.9°, 39.8°, and 59.7° could be assigned to (002), (100), 

(103), and (110) crystal planes, respectively (JCPDS 37-1492) [16,38-41]. It can be seen from 
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Figure 6.1 that all the peaks are well indexed to hexagonal structure of MoS2. No obvious peaks 

for g-C3N4 (2θ = 13.3
o
 and 27.6

o
) have been obtained from XRD patterns, which presumably due 

to the higher crystalllinity of MoS2 on the g-C3N4 surface [19-20].  In case of MoS2, the peaks 

for MoS2 appeared at 2θ = 13.9°, 33.9°, 39.8°, and 59.7° corresponds to (002), (100), (103), and 

(110) crystal planes, respectively.  

 

 

 

Figure 6.1 Powder X-ray diffraction patterns of (a) MoS2/g-C3N4, and MoS2 at 2° per min 

scanning rate and (b) PXRD pattern of g-C3N4 before and after hydrothermal treatment at 

180 
o
C for 24 h 

  

 The PXRD pattern of bare g-C3N4 (before hydrothermal treatment) shown in Figure 

6.1.b which shows the peaks at 27.6
o
 and 13.3° corresponding to the (002) and (100) crystal 

planes, respectively. The initial peak due to the interlayer stacking of the conjugated aromatic 

system of g-C3N4 and later represents the presence of tri-s-triazine units [19,20,28]. However, 

absence of any other peaks represent the as-synthesized sample is pure. Similarly, the PXRD 

pattern of g-C3N4 after hydrothermal treatment shows the strongest XRD peak at 27.6
o
 

corresponding to the stacking of the conjugated aromatic system and weak at 13.3 due to the in-

plane ordering of tri-s-triazine units [21-23]. The analogous peak positions before and after 

hydrothermal treatment suggested that g-C3N4 does not go through further condensation 

reactions at 180 °C shown in Figure 6.1.b. 
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6.3.1.2 Morphology Analysis 

 

 Field emission scanning electron microscopy (FESEM) analysis has been conducted to 

check the morphology of the as-synthesized materials, shown in Figure 6.2.a and b.  

 

 

 

Figure 6.2 FESEM image of (a) MoS2/g-C3N4 heterostructure and (b) MoS2 

microstructures. Inset figure shows high resolution FESEM images 

 

 The FESEM images of MoS2/g-C3N4 show that MoS2 are evenly decorated on g-C3N4 

substrate and heterostructure is made up from two different layered materials shown in Figure 

6.2.a. The layered structure signifies the aggregation of g-C3N4 sheets to form plates. It can also 

be noted that the plate has a flake like topography similar to that observed from the FESEM 

images of bare MoS2 (Figure 6.2.b). The structure shows the more exposed edges with edge 

length of ~ 120-150 nm. The FESEM image in Figure 6.3 shows that bare MoS2 has a 3D 

microstructure with a flaky texture. The microstructures consist of numerous thin nanoflakes, 

shown in high resolution SEM image, (inset of Figure 6.2.b). The approximate length of a single 

flake of MoS2 is ~ 120-150 nm with the edge width of ~ 20 nm. The sheet like structure of g-

C3N4 is shown in the Figure 6.3. 

More insights into the structure and morphology have been gained via TEM analysis of 

MoS2/g-C3N4 and MoS2. TEM analysis of MoS2/g-C3N4 heterostructure indicates the presence of 

MoS2 on the surface of g-C3N4 shown in Figure 6.4.a. HRTEM image (Figure 6.4.b) of 

MoS2/g-C3N4 clearly shows intimate interface formation between MoS2 and g-C3N4, 
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semiconductors. From HRTEM the d-spacing value has been calculated and observed that 

d=0.62 nm for (002) plane of hexagonal MoS2, illustrates the presence of MoS2 on g-C3N4 

surface (Figure 6.4.b) [18,19,40,41].
  

 

 

 

Figure 6.3 FESEM image of bare g-C3N4 surface 

 

 

 

Figure 6.4 (a) TEM image and (b) High-resolution TEM image of MoS2/g-C3N4 

heterostructure, d-spacing calculation is shown in inset figure 

 

TEM-EDS area mapping of MoS2/g-C3N4 shown in Figure 6.5.a-e exhibits the existence 

of Mo, S, C, and N.  
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Figure 6.5 EDS area mapping of MoS2/g-C3N4 (a) FESEM image and (b, c, d, e) mapping 

analysis of Mo, S, C, and N, respectively in MoS2/g-C3N4  heterostructure 

 

 

 

 

Figure 6.6 (a) TEM image and (b) High-resolution TEM image of MoS2 microstructures. 

Inset figure shows d-spacing calculation 

 

Figure 6.6.a shows the low magnification TEM images of MoS2 microstructures made up 

of well-defined, rounded and loosely connected flake like structures.  



Chapter 6 
 

Ph.D. Thesis Page 177 
 

It can be seen from Figure 6.6.a that layered structures of MoS2 are stacked with each 

other. The edge length of a single flake of MoS2 is ~ 120-150 nm, which is well matched with 

SEM analysis. It can be seen from HRTEM (Figure 6.6.b) that the d-spacing value is 0.62 nm 

attributed to the (002) plane of hexagonal close packed MoS2 [18,19]. 

 

TEM-EDS area mapping analysis of MoS2 shows the uniform distribution of Mo and S 

elements (Figure 6.7.a-c).  

 

 

 

Figure 6.7 EDS area mapping of MoS2 (a) FESEM image and  (b, c) area mapping of Mo 

and S, respectively in MoS2 

 

6.3.1.3 X-ray Photoelectron Spectroscopy 

 

 To ensure the components of the as synthesized samples and oxidation states of the 

elements in MoS2/g-C3N4, X-ray photoelectron spectroscopy (XPS) analysis has been executed. 

Survey spectrum of the heterostructure and the high-resolution XP spectra of C, N, and O 

elements are shown in Figure 6.8.a and Figure 6.9. The high-resolution XP spectra of Mo and S 

elements are presented in Figure 6.8.b-d. The peaks have been deconvoluted into several 

Gaussian-Lorentzian peaks shown in Figure 6.8.c-d and Figure 6.9.a-c. The C 1s core level 

spectrum in Figure 6.9.a deconvoltued into two Gaussian peaks. The peak located at 284.39 eV 

could be assigned to the graphitic carbon (C-C) and peak centered at 287.18 eV is for sp
2
-

hybridized carbon in N-containing triazine rings (N–C=N) [19,20,42]. The peak centered at 

394.54, and 399.33 eV from high-resolution XPS spectrum of N 1s (Figure 6.9.b) is usually 

ascribed to the C–N=C, and N–(C3) bonds respectively, corresponds with the pyridinic and 
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graphitic N atoms of triazine structure of g-C3N4 [4,20]. The spectrum in Figure 6.9.c of O 1s 

shows two peaks at 531.16 and 533.23 eV related to Mo-O bond and chemisorbed oxygen. The 

high resolution XP spectra of Mo 3d and S 2p for MoS2 displayed in Figure 6.8.b-d. 

 

 

 

Figure 6.8 XP spectra of (a) survey spectrum, (b) Mo-3d core level, (c) deconvoluted 

spectra of Mo
+4

 3d3/2 and Mo
+6

 3d3/2 and 3d5/2 region, and (d) deconvoluted spectra of S-2p 

core level 

 

 Figure 6.8.b shows the binding energy peaks of the Mo 3d5/2 and 3d3/2 at 228.27, and 

231.38 eV, respectively, which corresponds to Mo
+4

 species in Molybdenum [40-42].
 
The peak 

located at 225.43 eV is recognized for S 2s and the peak for Mo
+6

 species is asymmetric hence it 

has been deconvoluted and the spectrum shown in Figure 6.8.c.
 
Now, the peaks are clearly 

distinct, which is attributed to Mo
+6

 (3d3/2) at 235.05 eV and for Mo
+6

 (3d5/2) at 232.42 eV 

revealing the presence of oxide species of molybdenum due to aerial oxidation [17-19,42]. The S 
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2p peak is splited into two peaks centered at 161.89 eV and 160.69 eV, assigned to S 2p1/2 and S 

2p3/2, respectively shown in Figure 6.8.d [16,19,42]. All the binding energy values are 

summarized in Table 6.1. XPS results confirm the formation of MoS2 on g-C3N4. 

 

 

 

 

Figure 6.9 High resolution XP spectra of MoS2/g-C3N4 (a) C 1s, (b) N 1s and (c) O 1s 

  

Table 6.1 Binding energy peak positions of Mo 3d and S 2p from XP spectra of the MoS2/g-

C3N4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MoS
2
/g-C

3
N

4
 

B.E. peaks Sub-peaks Positions 

C 1s C-C  284.39  

 N-C=N  287.18  

N 1s  C-N=C  394.54  

 N-(C
3
)  399.33  

O 1s  Mo-O  531.16  

 O-O  533.23  

Mo
+4 

 
3d

5/2
  228.27  

 3d
3/2

  231.38  

Mo
+6 

 
3d

5/2
  232.42  

 3d
3/2

  235.05  

 S2s  225.43  

S  2p
3/2

  160.69 

 2p
1/2

  161.89 
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6.3.1.4 Raman and UV-visible Analysis 

 

 Raman analysis of MoS2 and MoS2/g-C3N4 is performed and shown in Figure 6.10.a. It 

reveals two characteristic peaks in both the samples positioned at 374 and 405 cm
−1

 and 

recognized as E
1

2g and A
1

g Raman active vibration modes of MoS2. Both the Raman peaks are 

generated from in-plane and out-of-plane motion of the sandwiched S-Mo-S layer, which is well 

coordinated with literature reports [16-19]. The Raman study further confirms the existence of 

MoS2 on the surface of g-C3N4.  

 The optical properties of MoS2/g-C3N4 heterostructure and bare MoS2 and g-C3N4 have 

been determined by UV-vis diffuse reflectance spectra and shown in Figure 6.10.b. An 

enhanced absorption in the visible region has been observed in MoS2/g-C3N4 heterostructure as 

compared to bare g-C3N4. The increased absorption intensity supports the successful introduction 

of MoS2 on g-C3N4 surface in heterostructure [6,18,31]. The absorption band for pure g-C3N4 

displays absorption from the UV to visible range ~ 200 to 450 nm which corresponds to 2.87 eV 

band gap of g-C3N4, calculated by classical Tauc approach and shown in the inset of Figure 

6.10.b [18,20]. 

 

 

 

Figure 6.10 (a) Raman spectra of MoS2/g-C3N4 and MoS2 (b) DRS for MoS2/g-C3N4, MoS2 

and g-C3N4. Inset shows (αEp)
2
 vs. Ep plot for band gap (Eg) calculation of g-C3N4 
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6.3.2 Electrocatalytic Study for Hydrogen Evolution Reaction 

 

Electrochemical performance was examined in a three-electrode system and 0.5 M H2SO4 

was used as the electrolyte. For this study, glassy carbon electrode (GCE) was used as a working 

electrode, graphite rod as a counter electrode, and Ag/AgCl used as reference electrode. 

Typically, the working electrode was prepared as follows: 5 mg MoS2/g-C3N4 was dispersed in 

300 µL iso-propyl alcohol and 30 µL Nafion (adhesive). Then, the mixture was sonicated for 10 

min in order to obtain a homogeneous suspension. Finally, 5.0 μL of the homogeneous mixture 

was dropped onto GCE and allowed to dry. CH Instrument (CHI 604E) was used to measure all 

the electrochemical data at room temperature. The blank GCE was tested for a baseline.  

Impedance measurements were performed using the same three-electrode system and at 

the frequency of 0.1-100 Hz with a 10 mV ac dither. The electrochemical capacitance study was 

performed between 0.0 and 0.2 V vs. RHE at varied scan rates from 10-100 V/s. The 

electrochemical surface area (ECSA) was calculated by the specific capacitance. The calculation 

method of mass activity and specific activity is done according to the literature [3,28,32].
 
The 

mass activity value (A/g) was calculated from the catalyst loading and the observed current 

density (mA/cm
2
) at a potential of ‒0.333 V vs. RHE. The specific activity was calculated by 

normalizing the current at a fixed potential (‒0.333 V vs. RHE) by the electrochemically active 

surface area. 

 

6.3.2.1 Linear Sweep Voltammetry 

 

 The electrocatalytic performance of as-synthesized catalysts has been carried out with the 

help of linear sweep voltammogram technique. The electrochemical experiment was carried out 

in a three-electrode system using 0.5 M H2SO4 was used as electrolyte. Ag/AgCl electrode was 

used as a reference to record the data but presented with respect to reverse hydrogen electrode 

(RHE).
 
The activity for electrochemical hydrogen evolution reaction, bare GC, MoS2, MoS2/g-

C3N4, and Pt/C (5%) are checked and presented in Figure 6.11. Figure 6.11.a-b depicts the 

polarization curves of bare GC, MoS2, MoS2/g-C3N4, and Pt/C (5%) electrode recorded at a scan 

rate of 2 mV/sec. 
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Figure 6.11 (a, b) Polarization curve for blank GCE, Pt/C, MoS2 and MoS2/g-C3N4 in 0.5 M 

H2SO4 (iR corrected) 

 

 All the polarization curves are shown after iR correction. In case of MoS2/g-C3N4 the 

observed LSV and iR corrected LSV are shown in Figure 6.12.  

   

  

 

Figure 6.12 LSV curve of MoS2/g-C3N4 before and after iR correction 

  

 Bare GC electrode doesn’t show any catalytic activity in the recorded potential window 

and pure MoS2 shows poor catalytic activity for HER. As shown in Figure 6.11.a the 

polarization curves revealed that the as-prepared MoS2/g-C3N4 displayed a small onset potential 

of -0.24 V vs. RHE. In contrast, the lower onset potential in MoS2 (-0.37 V vs. RHE) indicates 

lesser electrocatalytic activity. In order to generate a current density of 10 mA/cm
2

, -0.43 V vs. 

RHE potential is needed for bare MoS2 whereas relatively smaller potential (-0.26 V vs. RHE) is 

required for MoS2/g-C3N4. The result clearly reveals that MoS2/g-C3N4 can facilitate the HER 
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process and has higher electrocatalytic activity. HER catalytic activity of MoS2/g-C3N4 is 

compared with Pt/C (5%), where it requires only 92 mV potential to generate current density of 

10 mA/cm
2
.    

 

6.3.2.2 Surface Area of MoS2/g-C3N4 

 

 ECSA is an important parameter to determine the effectiveness of the catalyst. It has been 

determined for MoS2 and MoS2/g-C3N4 following some literature to provide the further insights 

[3,28,29]. Figure 6.13.a and b revealed the CV curves of MoS2 and MoS2/g-C3N4 using a 

potential range of +0.2157 to +0.4157 V vs. RHE at a different scan rates of 10-100 mV/s 0.5 M 

H2SO4 electrolyte. At a potential of +0.3157 V vs. RHE, double-layer charging currents are 

measured from the CV curves and are plotted against scan rates and shown in Figure 6.13.c.  

 

 

 

Figure 6.13 Cyclic voltammetry curves of (a) MoS2, (b) MoS2/g-C3N4 recorded in 0.5 M 

H2SO4 recorded with different scan rates,  (c) capacitive current at +0.3157 (V vs. RHE) as 

a function of scan rate for MoS2, MoS2/g-C3N4 
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The double-layer capacitance (Cdl) is calculated from the slope, and the values are 0.41 

mF and 4.89 mF for MoS2 and MoS2/g-C3N4, respectively. Consequently, the roughness factor 

(Rf) is calculated from ECSA. Therefore, the calculated ECSA and Rf values for MoS2/g-C3N4 

and MoS2 are 81.5 cm
2
, 6.83 cm

2
, and 1147.8, 96.2, respectively. Higher values of ECSA and Rf 

for MoS2/g-C3N4 proves that it has more exposed electrochemically active surface area toward 

the HER reaction compared to bare MoS2. The inclusion of g-C3N4 increases the conductivity of 

the material via charge transportation, which further results in superior activity of MoS2/g-C3N4. 

Mass activity and specific activity (with respect to ECSA surface area and with respect to BET 

surface area) are also helpful to determine the efficiency of the catalyst. Here mass activities of 

MoS2/g-C3N4 and MoS2 are estimated at a fixed potential of ‒0.333 V vs. RHE and the 

corresponding values are 97.81, and 2.60 A/g, respectively, which claims MoS2/g-C3N4 as an 

efficient electrocatalyst compared to the bare material. In addition, the value of specific activity 

(ECSA) for MoS2/g-C3N4 is 0.09 mA/cm
2

ECSA which is higher than that of bare MoS2 (0.03 mA/ 

cm
2

ECSA) which further support the higher electrocatalytic activity of heterostructure. The 

specific activities (ECSA) are 0.03 and, for MoS2 and MoS2/g-C3N4 respectively, calculated 

from the ECSA. All the values (mass activity and specific activity) are summarized in Table 6.2. 

 

Table 6.2 Comparative results of the overall electrocatalytic performance for MoS2, 

MoS2/g-C3N4, MoS2/CNT, and MoS2/C 

 

Cathode 
ECSA 

(cm
2

) 
R.F. 

Mass activity 

(A/g) 

Tafel slope 

(mV/dec) 

Specific 

activity 

(ECSA) 

(mA/cm
2

) 

Specific 

activity 

(BET) 

(mA/cm
2

) 

MoS
2
 6.83 96.24 2.60 149 0.03 0.056 

MoS
2
/g-C

3
N

4
 81.50 1147.89 97.81 63 0.09 0.601 

MoS
2
/C - - 12.67 109 -  

MoS
2
/CNT - - 36.53 67 -  

 

To support the higher electrocatalytic activity of MoS2/g-C3N4, BET surface area for 

MoS2 and MoS2/g-C3N4 is determined. BET surface area of MoS2 is 4.66 m
2
g

-1
 where as in case 

of MoS2/g-C3N4, the value is 16.26 m
2
g

-1
 which suggest the successive increase in the surface 

area after synthesis of the intercalated heterostructure (Figure 6.14.a). Specific activity of both 
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MoS2 and MoS2/g-C3N4 is calculated from the BET surface area (SBET) and the values are 0.056 

mA/cm
2
 and 0.601 mA/cm

2
 which are shown in Table 6.2. 

 

 

 

Figure 6.14 N2 adsorption-desorption isotherms of (a) MoS2/g-C3N4 and (b) MoS2 

 

6.3.2.3 Stability of the MoS2/g-C3N4 after Electrocatalysis 

 

 In case of MoS2/g-C3N4, after 1000 cycles of LSV the current density remained 

unchanged, demonstrating the excellent durability of the catalyst shown in Figure 6.15.a. After 

electrocatalysis, the morphology of MoS2/g-C3N4 has been investigated by FESEM analysis 

(Figure 6.15.b) and it remains unaffected even after 1000 cycles. All these results reveal the 

excellent catalytic performance of MoS2/g-C3N4 heterostructure with remarkable stability.  

 

 

 

Figure 6.15 (a) Stability after 1000 cycles of repetitive LSV scans, (b) FESEM image of 

MoS2/g-C3N4 after 1000 cycles of electrocatalysis 
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6.3.2.4 Tafel Slope 

 

 To further investigate the performance of a catalyst, and to determine the exact 

mechanism of HER, Tafel slope has been calculated from Tafel plots. For Tafel slope 

calculation, the linear portion of the Tafel plots has been fitted to the Tafel equation (η = a + b 

log J, where η = overpotential, J = current density, a = exchange current density at zero 

overpotential, and b = Tafel slope) [3,28-32]. The Tafel plot is shown in the Figure 6.16 and the 

values are concluded in Table 6.2.  

The Pt/C (5%) shows the Tafel slope value 37 mV dec
-1

. The synthesized MoS2/g-C3N4 

and MoS2 exhibit 63, and 149 mV dec
-1

, Tafel slopes respectively. A lower Tafel slope of 

MoS2/g-C3N4 signifies the improved reaction kinetics for HER [28,40]. The calculated Tafel 

slope values for MoS2/CNT and MoS2/C are 67 and 109 mV dec
-1

, respectively. 

The HER kinetics in case of MoS2/g-C3N4 and MoS2 has been studied in details and 

explored. Generally, Volmer-Heyrovsky and Volmer-Tafel reactions are two accepted HER 

mechanisms, where Volmer, Heyrovsky, and Tafel anyone can be the rate-determining step: 

[3,28-32]. 

 

                
                                 (Volmer reaction) 

                      
                              (Heyrovsky reaction) 

                                                       (Tafel reaction) 

 

 

 

Figure 6.16 Tafel plots of Pt/C, MoS2, and MoS2/g-C3N4 
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In the first step hydrogen gets adsorb via a combination of the proton with an electron: 

Volmer reaction. Now adsorbed H atom has two possible ways to form H2 molecule. First is the 

reaction with hydrated proton generated by an acidic electrolyte (0.5 M H2SO4) and with an 

electron provided from the catalyst (Heyrovsky mechanism), and second is the direct 

combination with an additional H atom which is absorbed on the catalyst surface (Tafel 

mechanism) [28,29,32]. The Tafel slopes value for the Volmer, Heyrovsky, and Tafel reactions 

have been calculated under standard conditions are 118, 39, and 29 mV dec
-1

, respectively 

[3,43,44]. In this work, the obtained Tafel slope value for MoS2/g-C3N4, MoS2/CNT, and 

MoS2/C, is 63, 66 and 109 mV dec
-1

, respectively, which authenticates that the hydrogen 

evolution reaction proceeds via the Volmer-Heyrovsky mechanism.  

Table 6.3 summarizes the electrochemical results of MoS2/g-C3N4 catalyst and the earlier 

reported MoS2 and g-C3N4 based HER catalysts. One can see that the onset value (‒0.24 V vs. 

RHE) for MoS2/g-C3N4 heterostructure is lower than previously reported MoS2 based catalysts, 

which reveals the effect of g-C3N4.  

 

Table 6.3 Comparative study of HER activity of reported references 

 

Material 

Loading 

amount 

(mg/cm
2
) 

Medium 

Overpotential 

to generate 10 

mA/cm
2
 

current 

Tafel slope 

(mV/decade) 
Reference 

C-MoS2 - 
0.5 M 

H2SO4 
80 mV (onset) 47 40 

MoS2 nanosheet 

on C3N4 
- 

0.5 M 

H2SO4 
158 mV  52 30 

GQDs-MoS2 - 
0.5 M 

H2SO4 
200 mV 43 46 

O-MoS2 0.29 
0.5 M 

H2SO4 
120 mV (onset) 55 47 

MoS2 /CNFs - 
0.5 M 

H2SO4 
120 mV (onset) 44 48 

C3N4@NG 0.10  
0.5 M 

H2SO4 
240 mV 51.5 8 

C3N4-MoS2 

(mixture) 
- 

0.5 M 

H2SO4 

330 mV (5 

mA/cm
2
) 

95 15 
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MoS2/MoO2 0.22  
0.5 M 

H2SO4 
240 mV 76.1 17 

Ultrathin MoS2-

coated carbon 

nanospheres 

~  0.31 
0.5 M 

H2SO4 
200 mV 53 35 

MoS2/g-C3N4 1.06 
0.5 M 

H2SO4 
260 mV 63 This work 

 

 

6.3.2.5 Electrochemical Impedance Spectroscopy 

 

 To understand the HER mechanism clearly the electrochemical impedance spectroscopy 

(EIS) of the MoS2 and MoS2/g-C3N4 heterostructure have been carried out. The arc of the EIS 

Nyquist plot indicates the charge transfer resistance [4,29]. The smaller arc radius means reduced 

charge transfer resistance and there will be faster charge transportation from electrode to 

electrolyte [29,32,45]. For both the samples, the impedance has been measured at their respective 

onset potentials and shown in Figure 6.17.  

 The Nyquist plot of the MoS2/g-C3N4 heterostructure demonstrates smaller arc radius 

attributing to the reduced resistance and increased conductivity due to having the intercalated 

layered structure of conductive g-C3N4 and MoS2 as compared to bare MoS2. Experimental data 

is fitted with an equivalent circuit which is composed of R1, R2 and a constant phase element 

(CPE1) and shown as the inset of Figure 6.17 and the corresponding parameters are shown in 

Table 6.4. Here R1 is the solution resistance; R2 is the charge transfer resistance. For MoS2/g-

C3N4 heterostructure the resistance of electrolyte R1 which is 18.19 Ω, and the charge transfer 

resistance R2 is 66.19 Ω. By contrast, for MoS2, R1 is 2.03 Ω and R2 is 410.47 Ω., mentioned in 

Table 6.4. The subsequent decrease in the charge transfer resistance (R2) in MoS2/g-C3N4 

compared to the MoS2 suggested that there is faster interfacial charge transfer in heterostructure. 

Overall, the superior long-term durability, higher surface area, lower Tafel slope and higher 

current density at lower onset potential in MoS2/g-C3N4 catalyst implies the great possibility of 

executed this new catalyst for efficient hydrogen evolution reaction. 

 



Chapter 6 
 

Ph.D. Thesis Page 189 
 

  

 

Figure 6.17 Nyquist plots of MoS2, g-C3N4 and MoS2/g-C3N4. Inset shows equivalent circuit 

used to fit the Nyquist plot 

 

Table 6.4 Values of solution resistance (R1) and charge transfer resistance (R2) for both 

MoS2/g-C3N4 and MoS2 from Nyquist plots 

 

 

Cathode R
1
(Ω) R

2
 (Ω) 

MoS
2
 2.03 410.47 

MoS
2
/g-C

3
N

4
 18.19 66.19 

 

 

6.3.2.6 Role of the Support 

 

 To study the role of g-C3N4 surface, MoS2 microstructures have been synthesized on 

multi-walled carbon nanotube (CNT) and mesoporous carbon nanopowder (C) substrates. The 

electrocatalytic activity of MoS2/CNT and MoS2/C have been compared with MoS2/g-C3N4 

heterostructure. For the synthesis of MoS2/CNT and MoS2/C, similar experimental procedure, 

which was used for MoS2/g-C3N4 was followed. The formation of MoS2 on the surface of CNT 

and carbon was confirmed by X-ray diffraction patterns shown in Figure 6.18.a. The crystal 

planes (002), (100), (103), and (110) corresponding to MoS2 are present in the XRD patterns of 

both MoS2/CNT and MoS2/C, respectively. Potential required to generate 10 mA/cm
2
 current 
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density in MoS2/CNT and MoS2/C is ‒0.28 and ‒0.32 V vs. RHE, respectively (Figure 6.18.b), 

which is higher than the MoS2/g-C3N4 (‒0.26 V).  

Therefore, it can be confirmed that MoS2 microstructure on both g-C3N4 and CNT 

substrates is comparable for HER. The advantages of g-C3N4 substrate are multifold. First, the 

electrocatalytic activity of MoS2/g-C3N4 is related to the flake like topography of MoS2 on g-

C3N4 surface. The flake like structure has more exposed surface area, which is helpful for HER 

reaction. Flake like morphology of MoS2/g-C3N4 heterostructure have been confirmed by 

FESEM and TEM analysis. Second, the intimate contact between MoS2 and g-C3N4 is 

pronounced, which allows the ease of electronic transportation between the materials. Therefore, 

the improvement in the charge transfer may be due to the ready penetration of the electrolyte in 

the porous structure of g-C3N4 which gets saturated with time [9,12]. Third, the chemisorption 

and dissociation of hydrogen molecules on catalyst surface also play an important role. The 

dissociated H atoms migrate to the support through surface diffusion, called spillover effect of 

hydrogen [9]. The spillover effect is increased due to the formation of N-H bonds between 

pyridinic and graphitic N atoms of g-C3N4 and dissociated H atom. Therefore, a better quantity 

of hydrogen can be accumulated on MoS2/g-C3N4 surface, which also supports the improved 

activity of g-C3N4 substrate [9-12,20].  

Literatures also reports for the poor conductivity of pristine carbon nitride due to the high 

nitrogen doping intensity and abundance of defects. In our present study, MoS2 is synthesized on 

g-C3N4 substrate at 180 °C for 24 h hydrothermal reaction. Therefore, to check the transfer 

behavior and the carrier mobility, impedance study was carried out for bare g-C3N4 at the onset 

potential of (‒0.68 V vs. RHE). From the impedance result it is clear that R2 value i.e., the charge 

transfer resistance of g-C3N4 is lower than that of MoS2 (Figure 6.17). So, it can be claimed that 

g-C3N4 itself helps to decrease the charge transfer resistance in the heterostructure which results 

in higher current density with improved onset potential. 
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Figure 6.18 (a) PXRD pattern of MoS2/CNT and MoS2/C at 2° per min scanning rate,  (b) 

Polarization curve for MoS2, MoS2/g-C3N4, MoS2/CNT, MoS2/C (iR free) [CNT= Fullerene 

carbon nanotube multi-walled, C= Mesoporous carbon powder] 

 

6.3.3 Photocatalytic Study using g-C3N4 and MoS2/g-C3N4 Catalyst  

  

 To assess the photocatalytic performance of the as-prepared catalyst, RhB dye was 

degraded under irradiation of visible light. Prior to photoirradiation to establish the adsorption-

desorption equilibrium between dye and catalyst, 10
-5

 M RhB and 5.0 mg catalyst were kept in 

dark for 30 min. Subsequently, the suspension was irradiated under visible light source 

(Tungsten lamp, 60 W). The reaction mixture was magnetically stirred throughout the 

experiment. At the given irradiation time, 2.0 mL sample was collected and centrifuged to 

remove the catalyst. The degradation efficiency of RhB dye was recorded on a UV-visible 

spectrophotometer. 

 RhB dye has absorbance maxima at 553 nm and decreased with time when degraded in 

presence of catalyst. Before irradiation, the reaction has been continued in the dark condition, 

where 75 % RhB was adsorbed on the catalyst surface in case of MoS2/g-C3N4 and 12% in bare 

g-C3N4. Once the adsorption process over then the reaction has been illuminated with a tungsten 

bulb (λ > 300 nm). The dye adsorbed on the catalyst surface as well as dye present in the solution 

degraded with time and solution becomes colorless from pink.  
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Figure 6.19 Plot of (a) absorbance vs. wavelength, (b) (At/A0) vs. time, and (c) ln(At/A0) vs. 

time for photocatalytic decomposition of RhB dye using MoS2/g-C3N4 heterostructure.  

Conditions: [RhB] = 10
−5

 M and catalyst = 5.0 mg 

 

 The MoS2/g-C3N4 heterostructure improved photoactivity and degraded 91 % dye within 

30 min of light irradiation, shown in Figure 6.19.a. Whereas, under the similar experimental 

condition, bare g-C3N4 undergo 54 % dye degradation (Figure 6.20.a). Therefore, MoS2/g-C3N4 

demonstrated 3.3 times higher photocatalytic performance than bare g-C3N4. The plot of (At/A0) 

vs. t (Figure 6.19.b.) shows the exponential decay in case of MoS2/g-C3N4. From the plot of ln 

(At/A0) vs. t, the value of the rate constant ‘k’ was determined and the value is 7.4×10
-2 

min
-1 

shown in Figure 6.19.c. The (At/A0) vs. t and ln(At/A0) vs. t plot for pure g-C3N4 shown in 

Figure 6.19.b and c and the rate constant was calculated to be 2.2×10
-2

 min
-1

. Therefore, the rate 

constant order is MoS2/g-C3N4 > g-C3N4. The straight line in ln(At/A0) vs. t shows that the 

degradation reaction follows pseudo-first order kinetics. 

 

 

 

Figure 6.20 UV-vis absorption spectra of (a) RhB degradation where g-C3N4 is the catalyst, 

(b) At/A0 vs. time (min) plot and (c) ln(At/A0) vs. time (min) plot 
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The comparative photocatalytic activity has been shown in Figure 6.21, which indicates 

improved activity of MoS2/g-C3N4. This higher degradation efficiency in case of MoS2/g-C3N4 is 

attributed to the stronger visible light absorption, easy transportation of photogenerated species 

between material interface, and separation of photoinduced e
‒
-h

+
 pairs than bare g-C3N4 [4,6,16]. 

  

 

 

 

 

 

 

 

 

 

Figure 6.21 Comparative study of photodegradation using both MoS2/g-C3N4 and g-C3N4 

  

6.3.3.1 Mechanism of Photocatalysis 

 

 The MoS2/g-C3N4 heterostructure is illustrated in Scheme 6.2 to gain more insight into 

migration and flow of charge carriers at the heterojunction interface during photocatalysis 

reaction. The redox capacity of a semiconductor during photodegradation reaction is evaluated 

by the positions of conduction and valence band. The band edge potentials of VB and CB of g-

C3N4 were calculated according to the following equations [20]: 

 

EVB = χ − Ee + 0.5Eg 

ECB = EVB − Eg 

 

 Where χ is the absolute electronegativity of the semiconductor. The χ values for g-C3N4 

is 4.73 [30,33]. Ee is the energy of free electron on the hydrogen scale (4.5 eV). Eg is the band 

gap of the semiconductor. The calculated band gap for g-C3N4 is 2.87 eV which indicates the 

visible light activity of the g-C3N4. On the basis of above equations, the band edge positions of 
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CB and VB of g-C3N4 are ‒1.21 and 1.66 eV, respectively, versus the normal hydrogen electrode 

(NHE). Under visible light irradiation electron and hole, pairs are generated in g-C3N4 [4,6,20]. 

However, the enhanced photocatalytic activity in MoS2/g-C3N4 heterostructure may be attributed 

to the successful formation of the intimate contact between g-C3N4 and MoS2, which lead to 

improved charge separation as compared to bare g-C3N4. 

 Upon irradiation, with light, the electrons get excited from the VB of g-C3N4 [4,16,33].
 

The excited electrons on g-C3N4 undergo vectorial transfer to MoS2. Wang and co-workers 

reported the band alignment in MoS2/g-C3N4 heterostructure, which promotes the effective 

separation of charge carriers and a built-in polarized field between g-C3N4 and MoS2 might 

suppress the recombination of electron-hole
 
[31,46]. 

 

 

Scheme 6.2 Schematic representation of the photocatalysis in MoS2/g-C3N4 under 

irradiation of visible light 

 

In this study, higher activity of MoS2/g-C3N4 heterostructure than g-C3N4 shows that 

band alignment is the dominant factor to promote the separation of photogenerated species 

[19,39,49]. The restricted recombination provides an excess availability of electrons at MoS2 and 

holes at VB of g-C3N4 endorsed the reductive and oxidative reactions for the dye degradation. It 

is already mentioned in several reports that hydroxyl radicals (
·
OH) are mainly responsible for 

the degradation of dyes [4,16,46].
 
The electrons of CBs have been used for the formation of 

·
OH 

which further degrade the RhB dye and generate the decomposed products. Simultaneously, the 

accumulated holes at the VB of g-C3N4 would degrade the RhB dye generating 
·
OH radical 

species [6,16]. The degradation steps are as follows: 
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6.4 Conclusions 

 

 MoS2/g-C3N4 has been successfully synthesized by decorating MoS2 on the g-C3N4 

surface via a facile and inexpensive hydrothermal route. The structure and morphology of as-

prepared MoS2/g-C3N4 have been examined by PXRD, RAMAN, UV-vis, FESEM, HRTEM, 

and XPS techniques. To check the catalytic activity, all the samples have been utilized for 

electrocatalytic hydrogen evolution reaction and in the photodegradation of RhB dye. The 

MoS2/g-C3N4 showed higher electrocatalytic behavior than bare MoS2 with remarkable stability. 

The morphology of MoS2/g-C3N4 has been unaltered after electrocatalysis. MoS2/g-C3N4 

requires -0.26 V vs. RHE potential for the successful generation of 10 mA/cm
2
 current density. 

In addition, heterostructured photocatalyst exhibited enhanced activity than bare g-C3N4 towards 

degradation of RhB dye. The morphology of MoS2/g-C3N4 heterostructure enclosed with more 

exposed edges and increased active sites leads to the superior catalytic activity. ECSA and BET 

results support the observed current density for both MoS2 and MoS2/g-C3N4. This work expands 

our vision for the designing of proficient and sun-light driven electrocatalyst for production of H2 

from water splitting.  
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Chapter 7 

 

Synthesis of ZnO/ZnS Hollow 

Nanostructure via Kirkendall Effect for  

Adsorptive Dye Removal 
 
 

 In this chapter wet chemical synthesis of ZnO/ZnS hollow structure has 

been reported via Kirkendall effect. 

 The as-synthesized hollow structure has been used for the removal of dyes 

from waste water.                   
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Abstract 

  

 The search of proficient semiconductor catalysts for pollutants removal from 

contaminated water is one of the interesting areas of research, due to the growing concern 

about environmental issues. Nanomaterials with hollow interior represent a class of 

significant materials that exhibit variety of applications in catalysis due to their large 

surface area. Synthesis via Kirkendall effect is a promising approach for hollow 

nanostructures and it occurs due to the difference in the diffusion rates of two materials. 

Here, we have introduced the wet chemical synthesis of hollow nanostructure of ZnO/ZnS 

via Kirkendall effect using ZnO nanorods wherein ZnO, ZnS and ZnO/ZnS nanostructures 

have been synthesized in the reflux conditions. The surface morphologies, optical 

characteristics, elemental compositions, and crystal structures of the as synthesized 

materials are systematically studied using FESEM, TEM, UV-vis, EDS, PXRD and XPS 

etc. A detailed growth mechanism of hollow ZnO/ZnS hollow structure is proposed based 

on the Kirkendall effect. A hollow nanomaterial, envisaged being highly efficient for 

molecule adsorption on its surface, which has been utilized for the removal of textile dyes 

from the waste water using methylene blue, rhodamine B and malachite green dyes.  
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7.1 Introduction 

 

 The earth’s most valuable and essential natural resource, water, is in danger as its 

consumption has been increased to multifold with the population growth. Simultaneously, due to 

the excess release of contaminants in water, this is a serious threat to the environment as well as 

for the human. Semiconductor nanomaterials are popular and have the great potential to degrade 

and remove the pollutants from water. Semiconductor nanomaterials are the subject of intense 

research in the present scenario. According to their electronic properties, they are the 

intermediate molecular species and macro entities. Numerous shaped semiconductor 

nanostructures like nanowires, nanorods, and nanoribbons have fascinated the attention owing to 

higher surface to volume ratio and quantum confinement [1-5]. The use of ZnO as a 

semiconductor photocatalyst has gained special interest due to its high electron mobility and 

stability [2,5-12]. ZnO nanomaterials exhibit vast functionality in the catalysis due to a high 

surface area and photosensitivity but wide band gap (3.37 eV) renders its activity exclusively 

under visible light [5-9]. The easy recombination of photogenerated charge carriers limits the 

utilization of pure ZnO for photocatalytic applications [5,12,13]. Recently, ZnS has been utilized 

extensively in solar cells, sensors, and photocatalysis because of its tunable size, optical, and 

electronic properties [6-9]. However, it should be noted that, although ZnO and ZnS have been 

widely studied, but never established as an effective photocatalyst because of its restricted light-

harvesting property and their resistance to photo-corrosion [2,3,5-12]. 

To date, heterostructures consisting of two important semiconductor materials have 

drawn increasing awareness because of their tunable electronic and optical properties [11-16]. 

Hence, there is a significant progress for the synthesis of various heterostructure including Ag2S-

ZnS [15], g-C3N4/ZnO [10], ZnO/ZnTe [16], and ZnO/CuS [12] for a variety of applications. 

Notably, amongst various semiconductor heterostructure, ZnO/ZnS is considered to be the most 

promising as it possesses excellent optoelectronic properties [3,6-9,17-18]. The band structure of 

ZnO and ZnS is favorable to facilitate the electron transfer process and creates the semiconductor 

heterostructure. It is also studied from the theoretical calculations that ZnO and ZnS can form a 

coupled heterostructure having lesser photoexcitation threshold energy than the individual 

materials [14,16-17]. Moreover, coupled semiconductors are considered to be superior 

photocatalysts than bare materials owing to charge separation efficiency, less carrier 
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recombination along with improving visible light absorption by the formation of interface 

contact potentials [15-17]. 

Currently, intense research has been devoted in the direction of design and fabrication of 

hollow structures with specific morphologies [19-20]. Hollow nanomaterials acquire the 

distinctive properties of special hollow geometrical shapes, small density, larger specific surface 

area, and porous nature [21]. These materials have gained considerable interest due to their 

widespread applications in solar cells, catalysis, sensors, drug delivery, nanoscale chemical 

reactors, and energy storage medium [19-22]. There are a variety of methods presently utilized to 

design a large range of stable, hollow spheres of different compositions [20-24]. So far, spherical 

hollow structures have been synthesized by utilizing only template-assisted method [20-23]. The 

etching of the template requires enormously complex synthetic procedures which not only 

increases the production cost and but also influences the purity of the samples [19-23]. 

Therefore, it is highly desirable to fabricate a facile, economical and adaptable synthetic strategy 

to synthesize semiconductor hollow nanomaterials. 

Over the past decade, it has been known that formation of hollow structure may result 

from differential solid-state diffusion of the reactants in an oxidation reaction [21-24]. This 

phenomenon was studied by Kirkendall in 1947 and recently a variety of hollow nanostructures 

has been synthesized using the same effect [19,21-26]. In the Kirkendall effect, the diffusion rate 

differ by a considerable amount for the two different component and it leads to the void 

formation inside the structure [19,21]. Shen et al. reported the synthesis of ZnO/ZnS core/shell 

nanorods and nanotubes of other metal sulfides including ZnS, Ag2S, CuS, PbS, and Bi2S3 via 

sulfidation exchange and the Kirkendall effect [17]. The Reported study revealed that ZnO 

nanowire, ZnO/ZnS core/shell nanorod, and metal sulfide nanotube can be effectively 

synthesized with almost 100 % morphological yield and having a wide range of applications 

[17]. Synthesis of ZnO nanotube using ZnO nanowires and nanotubes of other metal oxides and 

chalcogenides (ZnCr2O4, Co3O4, ZnS, CdS and CdSe) using their elemental nanowires via 

Kirkendall effect were explained by C. N. R. Rao et al. [25] Kirkendall effect was also reported 

for the synthesis of ZnS hollow nanoneedles at a low-temperature hydrothermal route with lower 

symmetry structures by Wang et al. [26] Alivisatos et al. prepared Cd/CdSe core-shell 

nanoparticles via the Kirkendall effect and explained various reaction conditions for this 

synthesis [27].  
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It is obvious that adsorbents with high surface area play an essential role in the catalytic 

reactions. The consumption of dyes in textile industries is increasing incessantly which is a 

severe concern for the environment due to the toxic nature of the dyes [28-32]. The dyes are 

released in the water after its utilization which pollutes the water leading to a serious hazard. 

Therefore, recently, the removal of dyes from contaminated water using an efficient catalyst is an 

active area of research. Various physical, chemical, and biological methods have been studied 

previously to purify the contaminated water [30-32]. Amongst all, removal of dyes by physical 

adsorption technologies is a remarkable method because of its high effectiveness, economic 

viability and facile synthesis [30-33]. Thus, for dye removal, it is desirable to explore new 

adsorbents with high adsorption capacity.  

In this chapter, we have demonstrated the successful synthesis of ZnO/ZnS hollow 

nanorods (NRs) using ZnO nanorods via Kirkendall approach. Sodium sulfide has been used as a 

source for sulphidation. The optical, structural, elemental and systematic morphological 

characterizations were performed for all the synthesized materials using UV-vis, PXRD, 

FESEM, HRTEM, XPS, EDS, SAED techniques. The structure of the ZnO nanorods, ZnS NPs 

and hollow ZnO/ZnS structures are studied extensively and a growth mechanism for hollow 

morphology via Kirkendall effect is proposed. Hollow ZnO/ZnS nanostructures have been used 

as an effective adsorbent for methylene blue, rhodamine B, and malachite green dyes. The 

advantages of this hollow nanostructure study are multifold. First, ZnO and ZnS are inexpensive 

semiconductors with high band gap energy which fulfilling the requirement band edge potential 

for the semiconductor type-II structure (Figure 1.10). Second, hollow structures allow an 

enhanced surface area for the adsorptive catalysis reactions. Third, hollow morphology is a 

favorable morphology to recover and recycle the catalyst after utilization.  

 

7.2 Experimental Section 

 

7.2.1 Synthesis of ZnO Nanorods  

 

 ZnO nanorods were synthesized using zinc nitrate Zn(NO3)2, hexamethylenetetramine 

(HMT) and cetyltrimethyl ammonium bromide (CTAB) by following procedure. Initially, in a 

100 mL round bottom flask equal volume (5 mL) of zinc nitrate (0.1 M), HMT (0.1 M) and 
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CTAB (0.5 M) solutions were dissolved in 35 mL water. The final concentration of Zn(NO3)2, 

HMT, and CTAB were 0.01 M, 0.01 M and 0.05 M, respectively. The pH of the solution was 

alkaline (pH ~ 7.5). After that the solution was agitated well on a stirrer for 30 min. 

Subsequently, the whole solution was kept at ~ 90 °C for 4 h in reflux condition without stirring 

during which the ZnO nanorods were formed and settled down in the bottom. The resulting white 

powder was collected and washed with ethanol and finally air dried in oven. 

 

7.2.2 Synthesis of ZnS 

 

 ZnS NPs were synthesized by the similar approach depicted for ZnO NPs. Additionally, 

sodium sulfide (Na2S) was added for sulphidation process. 5.0 mL of Zinc nitrate (0.1 M), HMT 

(0.1 M), Na2S (0.5 M), and CTAB (0.5 M) solutions were added in 30 mL water. Final 

concentration of Zn(NO3)2 and HMT was 0.01 M and Na2S and CTAB was 0.05 M. The reaction 

mixture was stirred constantly for 30 min and followed by reflux at ~ 90 °C for 4 h without 

stirring. Finally, white color ZnS powder was collected and impurities were removed by washing 

with ethanol and air dried in oven. 

 

7.2.3 Synthesis of ZnO/ZnS Hollow Nanostructure 

 

 30.0 mg of synthesized ZnO nanorod was dispersed properly in water via sonication up to 

30 min. 5.0 mL of Na2S (0.5 M) solution was added in 50 ml water so that the final concentration 

of Na2S was maintained 0.05 M. The pH of the solution was ~ 8-9. The reaction mixture was 

sonicated for 15 min and kept for reflux at ~ 90 °C for 12 h without stirring. The final product 

was obtained by washing with ethanol to remove the extra sulfur impurities and dried in oven. 

 

7.2.4 Dye Removal 

 

 In a typical experiment, 50 mg of the as-prepared ZnO/ZnS catalyst was added and 

dispersed in 10 mL of aqueous solutions of dyes (Methylene blue, Rhodamine B, Malachite 

green). Final concentration of the dye was 10
-5

 M in 10 mL. After stirring at room temperature 

for 1 h, the catalyst was separated by centrifugation (10,000 rpm) and the supernatant solutions 

were analyzed with UV-vis spectroscopy to obtain the concentration of dye in solution. To 
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evaluate the % adsorption, the initial concentrations of dye solutions were measured, and the 

dosage of ZnO/ZnS catalyst was kept same for each dye.  

The percentage of adsorption of the dye can be calculated using: 

% Adsorption = (A0 - At)/A0 × 100 

where, initial absorbance = A0 and absorbance at time ‘t’ = At.  

 

7.3 Results and Discussion 

 

 All the synthesized nanomaterials were washed carefully and utilized further for 

characterization and application purposes. Here, the formation mechanism of the ZnO/ZnS 

nanostructure is proposed according to Kirkendall effect using ZnO NRs. In the following 

sections complete physical characterization, mechanism of Kirkendall effect and application will 

be discussed. 

 

7.3.1 Characterization 

 

7.3.1.1 UV-vis Diffuse Reflectance Spectra 

 

 UV-vis analysis is an effective tool to study the optical properties of the as-synthesized 

samples. Figure 7.1 shows UV-vis spectrum of as-synthesized ZnO/ZnS, ZnO, and ZnS 

respectively measured in the range of 260-500 nm. ZnS NPs demonstrated a steep edge at about 

360 nm and the peak is intensified in case of ZnS which corresponds to the wider band gap of 

ZnS [9,11,26]. The bare ZnO NR shows the characteristic band for ZnO at 370 nm. Whereas, for 

ZnO/ZnS heterostructure the first peak at 370 nm for ZnO and a steep edge at ~ 340 nm 

represents the presence of ZnS. The wavelength values for both ZnO and ZnS are in different 

position as compared to bare ZnO and ZnS. This spectrum deduced the formation of ZnO/ZnS 

nanostructure. UV-vis study apprises that ZnO/ZnS nanostructure can be applicable in many 

photon induced reactions due to their broad absorption range [2,34]. Using classical Tauc 

approach, from the plot of (αEp)
2
 vs. photon energy (Ep) the band gap energy (Eg) of ZnO and 

ZnS can be calculated (Figure 7.2.a and b). The calculated Eg value for ZnO and ZnS is ~ 3.2 

and ~ 3.6 eV, respectively, which is well coordinated with previous reports [5,9-10].  
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Figure 7.1 UV-vis DRS spectra of as-synthesized ZnO, ZnS, and ZnO/ZnS, where BaSO4 

was used as a reference 

 

 

 

Figure 7.2 (αEp)
2
 vs. Ep plot for band gap (Eg) calculation of (a) ZnO and (b) ZnS 

nanoparticles from their respective UV-vis absorption spectra 

 

7.3.1.2 X-ray Diffraction Analysis of ZnO/ZnS, ZnO and ZnS 

 

 The structural identity and phase purity of the as-synthesized nanostructure were studied 

by PXRD analysis.  Figure 7.3 shows the PXRD patterns of ZnO, ZnS and ZnO/ZnS. It can be 

seen that peaks corresponding to ZnO, ZnS and ZnO/ZnS are identified in the sample according 

to their standard diffraction peaks. The ZnO/ZnS nanostructure, shows the characteristic peaks 

for ZnO NRs at 2θ values of 31.74°, 34.34°, 36.24°, 47.51°, 56.52°, 62.78°, 67.78°, and 76.85° 
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which corresponds to the (100), (002), (101), (102), (110), (103), (201) and (202) which are well 

consistent with the reported literature [5,10]. Moreover, in same diffraction pattern the peak for 

ZnS at 2θ values of 28.8° indexed to (111) plane is present in the PXRD pattern of ZnO/ZnS. 

This pattern signifies the successful synthesis of the nanostructure. The PXRD pattern of bare 

ZnO shows all the aforesaid characteristic peaks for the ZnO NR [6-8,34]. The observed 

diffraction peaks are assigned to the wurtzite ZnO structure with lattice constants a = 3.249 Å 

and c = 5.206 Å, which is in agreement with the literature (JCPDS 99-0111) [5,10,35]. The high 

intense peak in (101) plane can be evidently observed as a result of the vertical growth of ZnO 

NRs [35]. The 2θ values indicate that the as-prepared ZnO NRs are of high quality and purity. 

The PXRD of pure ZnS NPs shows diffraction peaks centred at 2θ = 28.8°, 48.23°, and 56.90° 

which can be indexed to (111), (220) and (311) planes of a typical zinc blende crystal phase of 

ZnS (JCPDS 80-0020) [17-21,35].  

 

 

 

Figure 7.3 Powder X-ray diffraction patterns of ZnO NRs, ZnS NPs, and ZnO/ZnS hollow 

nanostructure. During PXRD measurement, 2θ is kept 10-80° and the scan rate was 2° per 

min 

 

7.3.1.3 Morphological Analysis 

 

 To analyze the surface morphology and structure of the as-synthesized sample, FESEM 

analysis has been performed. FESEM micrographs display the shape and size of the as-
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synthesized samples which is shown in Figure 7.4.   

 

 

 

Figure 7.4 FESEM images of (a) ZnO/ZnS hollow nanostructure at low resolution (b) at 

high resolution (c) ZnO NRs and, (d) ZnS NPs  

 

 Low magnification FESEM image in Figure 7.4.a shows the hollow structure of 

ZnO/ZnS whereas high magnification FESEM image in Figure 7.4.b shows etched surface 

structure of nanorods which supports the formation of hollow structure. FESEM image of ZnO 

nanorods shown in the Figure 7.4.c. and the thickness is 316 nm and width is 148 nm. The rod 

shaped morphology of ZnO is generally observed and ascribed to the inherent anisotropy of the 

Wurtzite crystal structure. The image shows smooth surface hexagonal shaped rods of ZnO with 

tip sized of 120 nm. We have observed the highest growth rate along the (001) facet direction of 

wurtzite structure which is most common in the hydrothermal treatments and it can associate 

with the PXRD patterns [36]. The surface structure comparison of ZnO NRs and ZnO/ZnS 

shows that there is etching of oxygen ions from ZnO NRs by the replacement of sulfur ions. 
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FESEM image in Figure 7.4.d demonstrate the agglomeration of spherical ZnS NPs which are 

polydisperse in the nature.  

 

 

 

Figure 7.5 TEM image of hollow ZnO/ZnS nanostructure (a) at low resolution (inset) 

SAED pattern (b) at high-resolution (c) HRTEM images of ZnO/ZnS nanostructure where 

d-spacing calculated at different places for ZnO and ZnS  

 

 To give deep insight into the crystal structures and hollow morphologies of the as-

prepared products, further HRTEM and EDS characterization of the as-synthesized materials 

have been performed. The TEM image of the ZnO/ZnS displayed in Figure 7.5.a-c obtained 

after 12 h sulfidation time, where the hollow structure can be detected. Figure 7.5.a and b show 

the low magnification and high magnification TEM image of ZnO/ZnS that two sets of lattice 

fringes were found on the surface, revealing the presence of ZnO/ZnS. The SAED pattern shown 

in inset of Figure 7.5.a reveals a spotted pattern that corresponds to the single crystalline nature 

of ZnO, and a set of diffraction rings that are consistent with the polycrystalline nature of ZnS 
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nanoparticles. All the TEM images validated the presence of ZnO and ZnS in ZnO/ZnS 

nanostructure. Therefore, TEM analysis of ZnO, ZnS and ZnO/ZnS is well acquainted with their 

FESEM analysis.   

 

 

 

Figure 7.6 (a-e) EDS area mapping of ZnO/ZnS hollow nanostructure, hollow parts have 

been circled in the mapping, and (f) EDS Spectrum of ZnO/ZnS nanostructure 

 

 Moreover, to elucidate the presence of all the elements (Zn, O, and S) the EDS area 

mapping has been performed and shown in Figure 7.6.a-e and EDS spectra for the same has 

shown in Figure 7.6.f. In the hollow structure oxygen is getting released slowly so the outer 

layer is blurred but obviously a core is made up with sulfur which indicates the formation of 

hollow structure. 

 The typical low resolution and high resolution TEM images of ZnO NRs shown in 

Figure 7.7.a and b. The aspect ratio of a rod is ~ 0.47. The SAED pattern of the nanorods shown 

in Figure 7.7.c also established its single crystal nature. Therefore, the observation exhibited that 

the ZnO NRs grow along the (001) plane which is responsible for the growth of rod shape. The 

SAED pattern shown in Figure 7.8.c also reveals the single crystalline nature of ZnO NRs and 
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bright spots corresponding to hexagonal wurtzite ZnO. Figure 7.7.d shows the HRTEM image 

of ZnO NRs where the interplaner spacing (d) value is 0.26 nm corresponding to (002) plane, 

which indicates that the preferred growth of hexagonal structure of ZnO, well matched with the 

literature [5,10].  

 

 

 

Figure 7.7 TEM images of ZnO nanorods (a) at low resolution and (b) at high-resolution (c) 

SAED pattern (d) HRTEM images of ZnO nanorods where d-spacing calculated for ZnO 

rods 

 

 Figure 7.8 is a representative TEM image of the as-prepared ZnS nanoparticles. The 

spherical morphology can be observed from the Figure and lattice fringe spacing was calculated 

0.31 nm which corresponds to (111) plane shown in Figure 7.8.a and b and the results are well 

consistent with the earlier reports [36-38]. 
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Figure 7.8 (a) TEM image of ZnS nanoparticles (b) HRTEM images of ZnS where d-

spacing is calculated for ZnS NPs 

  

7.3.1.4 Surface Chemical Analysis of ZnO/ZnS 

  

 XPS technique was employed to analyze the surface chemical composition of the metal 

oxide and metal sulfide NPs as well as oxidation states of metal. Successful formation of 

ZnO/ZnS structure has been observed by the individual wide scan XPS spectrum of Zn, S and O. 

A wide scan survey spectrum of ZnO/ZnS shows the presence of Zn, S, O and C elements in 

Figure 7.9.a. In ZnO/ZnS, the zinc is present as Zn(+2) oxidation state, which is evident from 

the binding energy (BE) value of Zn 2p3/2 peak at 1023.72 eV and Zn 2p1/2 is 1047.05 eV [5,10]. 

The difference in binding energy between two Zn peaks is about 23.0 eV, which matches well 

with the earlier reports [5]. Similarly, the S2p binding energy spectrum shows the peak centered 

at 163.09 eV implies that sulfur is exist as sulfide (S
2‒

), suggests the formation of ZnS. No 

supplementary peaks were noticed from 165 to 170 eV, which clearly displayed the absence of 

an oxidized form of sulfur shown in Figure 7.9.c [12,17,35]. Further, the O1s peak shows the 

binding energy position at 533.51 eV shown in Figure 7.9.d. The oxygen species commonly 

show in (‒2) oxidation state within the ZnO matrix, with a negligible portion of surface 

hydroxides [5,10]. All these findings clearly suggest the presence of Zn
+2

, O
‒2

, and S
2‒

 ions in 

the ZnO/ZnS hereostructure [34-35]. The XPS spectrum for C1s is shown in Figure 7.9.e with 

binding energy at 286.6 eV. Details of all the BE of ZnO/ZnS nanostructure is summarized in 

Table 7.1. 
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Figure 7.9 XP spectra of high resolution scans of (a) wide scan survey of ZnO/ZnS hollow 

nanostructure (b) Zn 2p and XPS spectrum for (c)  S-2p core level (d) O 1s (e) C 1s 
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Table 7.1 Details of all the binding energies of ZnO/ZnS nanostructure from XP spectra 

 

ZnO/ZnS  Peaks  Binding Energy (eV)  

Zinc 

2p
3/2 

 1023.72 

2p
1/2

 1047.05 

Sulfur  2p  163.96  

Oxygen  1s  533.51  

Carbon  1s  286.92  

 

 

7.3.2 Mechanism of Formation 

 

 Here, ZnO nanorods were first synthesized by a hydrothermal process using HMT and 

CTAB. CTAB was used as stabilizer and growth controlling agent and HMT as a hydrolyzing 

agent for the synthesis [10,36-37]. Railey et al. suggested that HMT is a highly water soluble, 

non-ionic tetradentate cyclic tertiary amine and it provides hydroxyl ion during the reaction. 

When HMT decompose thermally, it generates ammonia and formaldehyde which further release 

hydroxyl ion in aqueous medium [10,37]. HMT provides the OH
-
 ions during reflux conditions 

to drive the precipitation reaction reported by Dutta and co-workers [36,39]. According to these 

reports, in the hydrothermal condition firstly, Zn
+2

 ions react with OH‒ ions and forms 

[Zn(OH)2], afterward the [Zn(OH)2] complex reacts with excess OH
‒
 ions to form [Zn(OH)4]

2‒
 

ions. The dehydration of [Zn(OH)4]
2‒

 takes place in hydrothermal conditions, which results in 

the formation of ZnO [5,10]. This mechanism is well explained and reported in previous reports 

and can be summarized as follows: 

 

                             

            
       

                       

                       
       

         
                 



Chapter 7 
 

Ph.D. Thesis Page 216 
 

There are many literature reports suggesting the growth mechanism of ZnO rods in the 

presence of HMT using zinc nitrate as a zinc precursor. Dutta et al. explained the attachment of 

HMT on the (001) facet which directs the growth along the same facet [36,39]. Sugunan et al. 

suggested that according to the theoretical study, the non polar surface of ZnO has smaller 

energy than the polar surface. Furthermore they reveal the role of HMT in the growth of ZnO 

nanowire [36]. From these reports it is clear that in ZnO, HMT is attached preferentially to the 

non-polar facets and allows the Zn
2+

 ions to approach the polar (001) face. HMT therefore can be 

said as a morphology inducing polymer surfactant.  

The intense peak corresponds to (101) plane is attributed to ZnO NRs which is in well 

agreement with the literature report. It is also evident from the control experiments that the 

synthesis of ZnO without HMT and CTAB always ended with agglomerated particles [10,36-40]. 

Moreover, for the synthesis of ZnS NPs, Na2S is added as a sulfur precursor in the reaction 

mixture and kept it at 90 °C in heating condition where it provides S
2-

 ions. The ZnS 

nanoparticles formation starts in the solution following below reaction and aggregate to form 

spherical shape [38,40]. Presence of HMT creates the basic environment where HMT behaves as 

a buffer to control the release rate of Zn
2+

 ions and consequently the rate of ZnS nuclei formation 

is controlled [4,10,39]. 

                    

The synthesis of ZnO/ZnS hollow nanorods takes place via Kirkendall phenomena. To 

synthesize ZnO/ZnS hollow structure, ZnO nanorods were dispersed in 0.05 M Na2S solution. 

The sulfur ions released by Na2S at 90 °C reacts with ZnO at the interface of nanorods to form 

ZnO/ZnS [2,38-40].  

 

              

                 

              
        

    
                      

 

Owing to these results mentioned above, the mechanism of formation of hollow ZnO/ZnS 

structure [1-3,26]  can be explained as follows, shown in Scheme 7.1. 

In the ion exchange step initially Na2S releases S
2‒

 ions which hydrolyze to give OH
‒
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ions. ZnO NRs present in the solution react with OH
‒
 ions to be converted in the more reactive 

form ZnO2
2‒

. Now the active species, ZnO2
2‒

 reacts with released S
2‒

 and formation of ZnS 

starts. In sulphidation process, initially S
2‒ 

ions loaded on the surface of the ZnO rod. The 

availability of S
2‒

 ions leads to the formation of hollow ZnO/ZnS nanostructure. Now, by the 

diffusion of the Zn
2+

 ions from inside and preferable bonding with S
2‒

 ions development of 

hollow ZnO/ZnS occur. Lastly, after 12 h of sulfidation under reflux condition, the continuous 

diffusion of Zn
+2

 ions from the central region results in the hollow structure represented in 

Scheme 7.1. 

  

 

Scheme 7.1 Overall mechanism of formation of ZnO/ZnS hollow nanostructure via 

Kirkendall effect 

 

Figure 7.4 shows the FESEM image of the as-synthesized hollow ZnO/ZnS core-shell 

structure. We can see that some of the structures have an etched surface, as compared to smooth 

surface of ZnO NRs clearly indicates the hollow structure of the prepared nanorods. The overall 

formation mechanism of the ZnO/ZnS hollow core-shell structure can be explained by the 

Kirkendall process, which generally refers to relative diffusive migrations of dissimilar ions 

under different temperature conditions [17-21].  

The elemental compositions of ZnO/ZnS structures are Zn
+2

, O
2‒

 and S
2‒

. Initially the 

solid nanoparticles including one of the elements of end product (ZnO/ZnS) have been 

synthesized which is known as starting material [20-25]. Here, ZnO nanorods have been used as 

a starting material. Now, the second element is allowed to react with the starting material to 

achieve the heterostructure. The solution of Na2S is added which provides the second element 
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S
2‒

 for the reaction with ZnO and a layer of ZnS form on the top surface. During this step the 

morphology is similar like core-shell where ZnO is present as an inner core material which is 

covered by outer shell of ZnS. The direct conversion of core to shell is restricted by the layer and 

now the reaction is carried out by diffusion of ions from the interface. The rate of diffusion is 

faster in case of core ions O
2‒ 

as compared to the shell S
2‒

 ions which results in the formation of 

a net material flux across the heterostructure interface. This leads to a flow of fast-moving 

vacancies to the vicinity of the solid-liquid interface; consequently, the hollow voids are 

produced through coalescence of the vacancies via the Kirkendall effect [17-22]. 

 

7.3.3 Adsorption of Dye Molecules 

 

 To check the catalytic ability of the as-synthesized hollow structure, adsorption 

experiment was performed. For this 50 mg ZnO/ZnS catalyst is dispersed into 10 mL of dye 

solution with an initial concentration of 10
-5

 M by slow stirring. The reaction mixture was kept 

for 1 h and after that supernatant was collected by centrifugation. To calculate the adsorption % 

UV-vis absorption spectroscopy measurements were executed.  

 

 

 

Figure 7.10 UV-vis spectra of dye absorption by recycling the ZnO/ZnS catalyst three times 

(a) MB: methylene blue, (b) RhB: rhodamine B and (c) MG: malachite green. Conditions: 

[dye] = 10
-5

 M and catalyst used: 50 mg  

 

 The UV-vis absorption spectra in Figure 7.10 show the dye solutions, before and after 

adsorption in the presence of hollow ZnO/ZnS. For the each experiment 50 mg of catalyst was 
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taken and three dyes: methylene blue, rhodamine B and malachite green were used to adsorb. 

First, methylene blue dye was dispersed in the solution with catalyst and in first cycle ~ 84% dye 

was adsorbed. After that catalyst was recollected by decanting the supernatant solution and 

washed with ethanol 2-3 times to remove the adsorbed dye molecules. Two more cycles were 

repeated with the same catalyst and ~ 76 and ~ 64 % MB dye was adsorbed in the repetitive 

cycles. The UV-vis analysis of adsorption of MB dye is shown in Figure 7.10.a. Similar 

approach was followed with rhodamine B and 86, 77, 69 % adsorption was achieved for the RhB 

dye within three cycles and UV-Vis shown in Figure 7.10.b. Furthermore, the malachite green 

dye was also used and 83, 79, 72 % adsorption takes place within the same time, Figure 7.10.c. 

The comparative adsorption study and recyclability of the ZnO/ZnS catalyst has been shown in 

the Figure 7.11. 

 

 

 

Figure 7.11 Comparative study of dye absorption (MB: methylene blue, RhB: rhodamine B 

and MG: malachite green) by recycling of the ZnO/ZnS nanostructure three times  
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7.4 Conclusion  

  

 In summary, we have successfully demonstrated the synthesis of ZnO nanorods using 

HMT and CTAB as a hydrolyzing and growth controlling agent. Successful synthesis of 

hexagonal nanorod has been observed in the FESEM and TEM images. Furthermore, synthesis 

of ZnS NPs has also been performed utilizing the similar synthetic approach and characterized. 

Using ZnO nanorods as sacrificial templates, synthesis of ZnO/ZnS hollow nanorod has been 

carried out at low temperature via Kirkendall effect. The formation of hollow structures has been 

described using Kirkendall phenomena and etching of the ions was observed in SEM and TEM 

images. Thus, based on as-synthesized ZnO/ZnS hollow nanostructure, a new paradigm to design 

effective material as adsorbent using two wide band gap semiconductor nanomaterials, via 

Kirkendall effect is possible. 
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Chapter 8 

 

Summary and Future Avenues 
 

 This chapter recapitulates the work carried out in this thesis by highlighting 

the prominent attributes of the work.  

 The future avenues of the work that can be carried out using this thesis are 

also established. 
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Chapter 1: This chapter describes a brief introduction on origin and history of nanosciences, 

synthetic methods for the nanomaterials, stabilizers, metal nanoparticles, type of materials, 

semiconductor nanomaterials and application of semiconductor nanomaterials in catalysis.  

 

Chapter 2: This chapter illustrates all the chemicals, reagents, instruments, and techniques for the 

synthesis, methods, calculations, and detection from an analytical chemistry point of view. 

 

Chapter 3: In this chapter, a wet-chemical approach for the synthesis of ZnO nanoflower and 

deposition of Au and Ag nanoparticles on ZnO surface has been reported. Their application and 

photoactivity were investigated by degradation of phenol and methylene blue under visible and 

UV light. The mechanism of degradation, reaction kinetics, and study of involved species has 

been presented properly. 

 

Chapter 4: A simple wet-chemical approach for the synthesis of morphology-dependent (dumbbell 

and cone) ZnO nanostructure on g-C3N4 surface using different hydrolyzing agent has been 

reported in this chapter. The visible light photoactivity of g-C3N4/ZnO dumbbell and cone has 

been performed via photo mineralization of phenol and methylene blue and activities have been 

compared.  

 

Chapter 5: In this chapter, we have reported the synthesis of mono- (Au and Pd) and bimetallic 

(AuPd) nanoparticles using carbon nitride (C3N4) quantum dots as a photoreducing and 

stabilizing agents. In addition, the catalytic efficiency of mono- (Au and Pd) and bimetallic 

(AuPd) nanoparticles have been tested using a model reduction reaction, 4-NP to 4-AP and AuPd 

bimetallics has been observed a superior catalyst. 

 

Chapter 6: This chapter demonstrates a facile hydrothermal approach for the decoration of 

molybdenum disulfide on g-C3N4 surface. The heterostructure of MoS2/g-C3N4 has been utilized 

in electrocatalysis for hydrogen evolution reaction and as a photocatalyst to degrade rhodamine 

B dye and demonstrated higher activity of MoS2/g-C3N4 as compared to bare g-C3N4 and MoS2.  

 

Chapter 7: In this last chapter we have described the synthesis of ZnO/ZnS hollow struture via 



Chapter 8 
 

 

Ph.D. Thesis Page 226 
 

Kirkendall effect and mechanism of formation has been discussed. The dye removal has been 

successfully carried out using as-synthesized heterostructure. 

 

The following work is suggested for the future research: 

 

1. Synthesis of other semiconductor heterostructure using new wide band gap nanomaterials 

and their reactivity tuning using similar approach reported in the thesis.  

2. The photocatalytic performance can be further evaluated to degrade more organic 

pollutant and the method can be used in industrial scale.  

3. The technique of total organic carbon (TOC) can be employed to investigate the 

mineralization of dyes used in the entire thesis. The end product (CO2) of dye and 

pollutant degradation reaction can convert into other hydrocarbons which are less 

hazardous. 

4. The techniques, HPLC, LC/MS/MS, and GC/MS can be utilized to further study the 

intermediate products and monitor the temporal course of the reaction in detail during the 

photocatalytic degradation. 

5. Using photoexcited electron many other mono- and bimetallic NP combination and 

tuning of bimetallic NP can be performed. 

6. The reported nanomaterials in the thesis can be applied in the photoelectrochemical water 

splitting reaction, especially, hollow ZnO-ZnS nanostructure.  
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