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ABSTRACT 

 

A clean and sustainable energy source is a basic requirement for addressing the current 

increase in global energy demand and environmental issues. Because of its potential for 

solving current energy and environmental problems, semiconductor-based photocatalysis 

has received tremendous attention in the last few decades. A significant number of 

studies have been recently reported on the development of new photocatalytic materials, 

modification of existing materials to enhance light harvesting, and increasing the number 

of active sites in order to buttress photocatalytic activity. In a semiconductor 

photocatalytic system, photo–induced electron-hole pairs are produced when a 

photocatalyst is illuminated by light with frequencies larger than that of its band gap (h 

 Eg). The resulting photo-excited charge carriers can either recombine with no activity 

or migrate to the surface of the semiconductor without recombination, where they can be 

involved in redox processes. The photocatalytic efficiency depends on the number of 

charge carriers taking part in the redox reactions and on the lifetime of the electron-hole 

pairs generated by the photoexcitation. High recombination of photo excited charge 

carriers and limited efficiency under visible light are the two limiting factors in the 

development of efficient semiconductor-based photocatalysts.  

 

Many strategies have been developed in semiconductor photocatalysis to overcome these 

drawbacks. Amongst these strategies, heterojunction formation by using two or more 

semiconductor catalysts is a promising approach to achieve enhanced visible light 

induced photocatalysis by reducing the photogenerated electron-hole pair recombination. 
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In this study, several visible light active heterojunctions containing two different 

semiconductors with suitable band gaps and band positions were fabricated, and their 

photocatalytic activity was tested for hydrogen production from water reduction or 

environmental remediation.  
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1.1 Background and motivation 

 The global energy demand is rapidly increasing because of exponential population 

growth coupled with simultaneous social and economic developments. This energy 

demand is mainly fulfilled by fossil fuels, whose reserves are finite. It is predicted that  at 

current growth rate, and without taking into account population growth, known oil 

deposits will be gone by 2052.2 Every year, over 11 billion tons of fossil fuels are 

consumed to fulfill this demand.1 2 However, world population is projected to reach 9.7 

billion by 2050 (~30 % growth), thence, it is projected that fuel demand will increase by  

~50%.3  Consumption of fossil fuels increases  greenhouse gases (GHGs) in the 

atmosphere, which have been proven to be the main cause of climate change along with 

other important environmental and health issues,1 including water pollution, effect on 

human and animal health.4 In this context, the search for clean and sustainable energy 

sources is becoming increasingly important to address the energy demand and climate 

change. Several scientific studies have been introduced in the last few decades to address 

the imminent depletion of conventional energy sources and global energy demand in 

conjunction with environmental pollution.5 Most of these studies focus on the effect of 

energy security on economics and population growth by introducing the use of 

renewables or alternative energy sources (solar, wind, biomass) and the capture and 

sequestration of GHGs such as carbon dioxide.2,4–7  

 Hydrogen is considered to be one of the most promising energy carriers for 

replacing fossil fuels for the world’s energy needs. Hydrogen has a high gravimetric 

energy density (119.93 MJ/kg, compared to 44.5 MJ/kg for gasoline). It undergoes clean 

combustion resulting in pure water (2H2 + O2 ⇌ 2H2O; ΔE = -286 kJ/mole).6 The absence 
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of carbon makes its emission CO2 free, which is advantageous to reduce the greenhouse 

effect. However, almost 96% of current hydrogen production is derived from fossil fuels 

by steam reforming or partial oxidation of methane and coal gasification, as shown in 

equations 1.1 and 1.2 (Figure 1.1).8 Hence, it is important to find environmentally benign 

and economically feasible methods to produce hydrogen from renewable resources.6,7  

Steam reforming: 

CH4 + H2O → CO + 3 H2       (1.1) 

Partial oxidation: 

CnHm + n/2 O2 → n CO + m/2 H2      (1.2) 

 

Figure 1.1: Estimated world H2 production based on weight (approx. 50 Mt./year).8 

 In the context of producing clean hydrogen, photosynthesis represents a natural 

process that is both environmentally benign and renewable, where plants use sunlight to 

convert water and carbon dioxide into glucose and oxygen. The process of photosynthesis 

can be described as follows: 

6 CO2 (g) + 6 H2O (l) 
         

  C6H12O6 (s) + 6 O2 (g)    (1.3) 
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In nature, different plants involve different mechanisms to use light to catalyze redox 

processes necessary to convert water and carbon dioxide to sugar and oxygen. During the 

chemical processes of photosynthesis in a biological system, different proteins are 

necessary to perform the redox processes by absorbing light and converting carbon 

dioxide and water to glucose and oxygen. Thus, photosynthesis can serve as inspiration 

for the design of chemical processes for splitting water into H2 and O2. In this regard, 

photocatalytic water splitting for hydrogen production is viewed as a form of artificial 

photosynthesis, where a photocatalyst utilizes solar energy to convert water into H2 and 

O2 according to equation 1.4.9 On the other hand, the process of generating hydrogen 

from water splitting is an uphill process similar to photosynthesis as illustrated in Figure 

1.2.10 

2 H2O (l) 
    ,        

  2 H2 (g) + O2 (g)     (1.4) 

 

 

 

Figure 1.2: Photosynthesis and artificial photosynthesis.10 
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 Catalysis, which is a vital industrial process to obtain clean energy sources, can be 

broadly divided into two subgroups, homogeneous and heterogeneous, which are 

differentiated by the phase distribution of catalyst, reagents, and products. Due to ease of 

separation, heterogeneous catalysis is an attractive field for researchers. Semiconductor 

based photocatalysis is a kind of heterogeneous catalysis accelerated by absorption of 

photon energy. In this type of catalysis, the photocatalyst is typically a solid material, 

which can generate an electron-hole pair upon the light irradiation. These photogenerated 

species may involve in redox reactions. Photocatalytic processes are widely recognized as 

viable solutions for environmental problems, sustainable clean energy, disinfection of 

bacteria, self-cleaning and water treatment.11 In 1972, Honda and Fujishima introduced 

the first photoelectrochemical cell (PEC), where they could split water into hydrogen and 

oxygen using ultraviolet (UV) irradiation.12 The work of Fujishima and Honda inspired 

many researchers in recent years to design heterogeneous semiconductor-based materials 

for photocatalytic water splitting.  

 Unlike PEC cells, the use of heterogeneous semiconductor materials allows for 

greater simplicity in the design of photocatalytic water splitting systems since they do not 

require an external bias or voltage.13 These systems utilize a photocatalyst in 

microcrystalline form, water, and sunlight. To date, many different heterogeneous 

semiconductors have been  extensively studied.14–26 Beside H2 production from water 

reduction,  semiconductor photocatalysts have also been studied for their potential in the 

removal of ambient concentrations of toxic organic and inorganic species from aqueous 

or gas phase systems in environmental clean-up, drinking water treatment, and industrial 

and health applications.27,28 
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1.2 Scope and objectives 

The overall objective of the research described in this dissertation was to prepare 

photocatalysts that work under visible light irradiation with enhanced quantum 

efficiency, toward the generation of clean and renewable solar fuels such as H2. During 

the photocatalysis processes, the photo-generated carriers migrate to the surface of the 

photocatalysts to participate in desired electrochemical processes. One of the major issues 

is the fact that recombination of photogenerated charge carriers (electrons and holes) is 

thermodynamically favored, which result in only a few photogenerated species able to 

migrate to the surface of the catalysts to be involved in desired redox processes Thus the 

activity of photocatalyst is negatively impacted by the rate of recombination. Several 

strategies are being explored to decrease electron-hole recombination rate allowing 

photogenerated electrons and holes to migrate to the surface and carry out reduction and 

oxidation reactions respectively. These  strategies  include cation/anion doping, the 

inclusion of noble-metal co-catalysts, and the formation of heterojunctions between 

different semiconductors (also referred to as “composite photocatalysis”).9,14,18,24–26,29 Out 

of these strategies, the formation of heterojunctions using two semiconductors to 

facilitate the movement of photo-generated carriers towards the surface by reducing the 

recombination rate of electron-hole pairs represents an emerging research area. In this 

dissertation, different strategies for the fabrication of semiconductor-based 

heterojunctions and their use as photocatalysts for water splitting are discussed in detail. 

The overall objective of this research was to design, synthesize, and characterize visible-

light-active composite photocatalysts to maximize the use of solar irradiation. The scope 

of this work can be summarized as follows:  
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1. Design and synthesize different semiconductor-based heterojunctions capable of 

photocatalytic hydrogen production from water under visible light irradiation. 

2. Characterize the photocatalysts using powder X-ray diffraction (PXRD), 

microscopy (SEM, TEM, STEM), X-ray photoelectron spectroscopy (XPS), 

Brunauer-Emmett-Teller (BET) surface area, Raman spectroscopy, 

photoluminescence spectroscopy (PL), and electrochemical impedance 

spectroscopy (EIS) to better understand their structures, compositions, 

morphologies, and optical properties. 

3. Determine photocatalytic performance of the composite photocatalysts. The 

catalytic performance of each photocatalyst is evaluated towards H2/O2 production 

from water or degradation of toxic organics such as phenols. 

4. Propose possible mechanisms for the observed enhanced activity of different 

composite photocatalysts, and experimentally demonstrate their validity. 

 

1.3 Dissertation organization 

The motivation and objectives of this dissertation are described here in Chapter 1. 

Chapter 2 focuses on the literature survey for semiconductor-based heterojunctions and 

describes different types of heterojunctions used for visible-light-active photocatalysis. 

The complete study of different semiconductor-based heterojunctions for photocatalytic 

systems is described in Chapters 3 – 7. Chapter 3 highlights the design, synthesis, 

characterization, and photocatalytic activity of g-C3N4/Sr2Nb2O7 heterojunction. Chapter 

4 describes a heterojunction made by nitrogen-doped Sr2Nb2O7 and g-C3N4. Chapter 5 

explores the design and synthesis of a g-C3N4/SrTa2O6 heterojunction using a novel in 
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situ method where one of the components is a metastable oxide. In Chapter 6, a 

heterojunction made between Bi2O3 and Ta2O5, TaON, or Ta3N5 is discussed by taking 

different perspectives from the proposed mechanisms. In Chapter 7, the heterojunction 

made between Bi2O3 and WO3 is discussed. The photocatalytic activity of this system 

towards the degradation of organic molecules as an example of environmental 

remediation is discussed by taking the examples of Rhodamine B and nitroaniline. 

Chapter 8 provides conclusions from the study performed in this dissertation. Chapter 8 

also provides recommendations for future work and gives an outline for future work in 

the field of semiconductor-based heterojunction photocatalysts that achieve enhanced 

activity under visible-light irradiation. Lastly, a brief description of the characterization 

techniques used in this dissertation is provided in appendix A. 
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Abstract 

 Semiconductor-based photocatalysis has received tremendous attention in the last 

few decades because of its potential for solving current energy and environmental 

problems. High recombination of photo-generated charge carriers and limited efficiency 

under visible light are two limiting factors in the development of efficient semiconductor-

based photocatalysts. Heterojunction formation by using two or more semiconductor 

catalysts is a promising approach to achieve enhanced visible light induced 

photocatalysis by reducing the recombination rate of photogenerated electron-hole-pairs. 

This chapter describes recent progress in semiconductor based heterojunction 

photocatalysts. The enhanced visible light induced activities of composites made of two 

semiconductors are discussed, along with strategies for designing these heterojunctions 

based on their band gaps and relative band positions. A brief outlook for multicomponent 

composite photocatalysis is also given. 
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2.1 Introduction - Semiconductors 

 Materials can be classified as conductors, semiconductors, and insulators 

according to their electrical conductivity. Conductors are materials that have high 

electrical conductivity on the order of 107 Ωm-1, while insulators are characterized by low 

electrical conductivity, generally lower than 10-10 Ωm-1. Semiconductors lie between 

insulators and conductors and their conductivities are generally between 10-6 to 104 Ωm-

1.1 This difference in conductivity is explained on the basis of energy bands. In any 

compound, electrons are located in specific bands. According to the electronic band 

structure of an element or compound, the lower energy valence band contains valence 

electrons. On the other hand, the higher energy position called conduction band is empty 

in the ground state. The energy difference between these two energy states is called as the 

band gap and its magnitude is called the band gap energy (Eg). Electrons are forbidden to 

exist between valence and conduction band energy levels. Conduction occurs due to the 

movement of free electrons in the conduction band above the Fermi level. In conductors, 

the two bands overlap with each other in such a way that Fermi level lies in the 

overlapping region as shown in scheme 2.1. In the case of insulators and semiconductors, 

on the other hand, there is a band gap between the valence band and the conduction band 

and the Fermi level lies in the band gap. Electrons should absorb energy higher than the 

bandgap to be excited to the conduction band. The main difference between a 

semiconductor and an insulator is that the band gap of a semiconductor is narrower. 

When an electron (e-) is promoted from the valence band to the conduction band, a hole 

(h+) is generated in the valence band. These electrons and holes are responsible for the 

conductivity of the semiconducting material.  



14 

Scheme 2.1: Band structure of conductors, insulators, and semiconductors 

2.2 Semiconductor photocatalysis 

When a semiconductor catalyst is illuminated with photons whose energy is equal 

to or greater than the semiconductor’s bandgap  (Eg), an electron (e-) is promoted from 

the valence band (VB) to the conduction band (CB), leaving a hole (h+) in the VB (Figure 

2.1a I). The excited state conduction band electrons and valence band holes are 

kinetically as well as thermodynamically favored to recombine and dissipate the input 

energy in the form of heat or emitted light as shown in Figure 2.1a, II. However, when 

the electrons and holes can migrate to the surface of the semiconductor without 

recombination (Figure 2.1a, III), they can be involved in electrochemical processes with 

species adsorbed at the semiconductor surface. Photogenerated electrons act as reducing 

agents and holes act as oxidizing agents. The redox ability of the electron/hole pairs can 

be used for photocatalytic water/air remediation and photocatalytic hydrogen production. 

Hence, the photocatalytic reaction due to semiconductors can be described by three major 
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elementary steps as shown in Figure 2.1b. Photogenerated holes play an important role in 

oxidative decomposition of environmental pollutants, while photogenerated electrons 

play an important role in water reduction, which leads to hydrogen production as well as 

CO2 reduction to produce more reduced carbon species such as CO or methanol. 

 

 

 

Figure 2.1: (a) Basic process in semiconductor based photocatalysis; (b) The three major 

steps involved in semiconductor photocatalysis  

2.3 Main challenges and potential solutions 

 In the last few decades, a large number of metal oxides and sulfides have been 

examined as photocatalysts for hydrogen production and environmental application. Most 

of them are simple semiconductor metal oxides (like TiO2) and are primarily active under 

UV light irradiation. To maximize the use of solar radiation, the photo-response of the 

catalysts would be required to be within the visible light spectrum because visible light 

accounts for around 45% of solar light compared to approximately 4% of UV light. 

Therefore, a potentially good photocatalyst should be active in the visible light region 

(420 nm <  < 800 nm) with band gap less than 3 eV. Figure 2.2 shows the apparent band 

gaps and band edge positions of some semiconductors in relation to redox potentials for 
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water reduction and oxidation. As shown in Figure 2.2, most photocatalysts discovered 

thus far have a large band gap (i. e. band gap larger than 3 eV). Some materials like 

chalcogenides suffer from photo-corosion, while others have unsuitable band positions 

for a particular reaction as described in Figure 2.2.2,3 

 

Figure 2.2: Band edge positions of some semiconductors 

 There are two main groups of elements that can act as active cation components in 

a water-splitting photocatalyst. Most of the photocatalysts based on transition-metal 

cations have either empty d orbitals (d0 electronic configuration) or filled d orbitals (d10 

electronic configuration). The materials with metal ions having partially filled d orbitals 

(i.e. dn electronic configuration: 0 < n < 10) are not regarded as good photocatalysts 

because of their inefficient photoresponse.4 Hence, the need for more stable, efficient 

photocatalysts, which can be activated by natural sunlight is now the goal of researchers. 

Recently, significant efforts have also been made to develop new or modified 

semiconductor photocatalysts that are capable of using visible light. The process of 

modification includes metal ion or non-metallic element doping (also called band gap 
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engineering), as well as sensitization with dyes or inorganic coordination complex 

molecules.  

(a) Bandgap Engineering: 

 In general, substitution with more electronegative cations adds acceptor states 

below the bottom of the conduction band, and doping with less electronegative anions 

adds donor states to the top of the valence band. The net result is a decrease in the band 

gap as shown in Figure 2.3.After the study of N-doped TiO2 by Asahi and co-workers in 

2001, several visible light active semiconductors doped with non-metallic elements such 

as nitrogen, sulfur, and carbon have been extensively studied.5 On the other hand, 

numerous metal ions, including transition metal ions (e.g., vanadium, chromium, iron, 

nickel, cobalt, ruthenium and platinum) and rare earth metal ions (e.g., lanthanum, 

cerium, and ytterbium) have been investigated as potential metal ion dopants for visible-

light-induced photocatalysis.6  

 

 

Figure 2.3: Scheme of band gap narrowing by cation and/or anion doping 
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b) Photosensitization: 

 In addition to doping, photosensitization is an effective method to improve 

visible-light activity of wide band gap semiconductors. Based on the reported studies in 

the literature, organic dyes and coordination metal complexes are very effective 

sensitizers. A review by H. Chen and L. Wang has explained the recent progress in 

photosensitized systems.7 
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Figure 2.4: Number of publications per year indexed in the Sci-finder Scholar database 

retrieved (January 5, 2017) by using the keywords “composite photocatalyst” 

 In the case of semiconductor based photocatalysis, for better reactivity, the 

photogenerated electron–hole pairs should be efficiently separated, and charges should 

have enough lifetimes to be transferred towards the surface. In contrast to doping and 

photosensitization to maximize visible-light absorption, several strategies are described in 

the literature to inhibit charge carrier recombination. One of the most common 



19  

approaches uses secondary materials along with primary semiconductors to form a 

heterojunction. In recent years, considerable efforts have been directed towards the 

design and fabrication of heterojunction materials to improve the photocatalytic activity. 

Figure 2.4 shows the number of publications found in the SciFinder scholar database 

using the keywords “composite photocatalyst”. The data show an exponential growth in 

scientific publications focusing on composite photocatalysis between 2006 and 2017 

 Based upon the nature of the heterojunction formed during composite formation, 

there are four types of composite photocatalysts,  namely: i) semiconductor–metal 

heterojunctions; ii) semiconductor-carbon group (activated carbon, carbon nanotubes 

(CNTs) and graphene) heterojunction; iii) semiconductor-semiconductor heterojunction; 

and iv) multicomponent heterojunction containing three or more semiconducting 

components. A good description  of these types of heterojunctions can be found in a 

recent mini-review by Wang et al.8  

 Use of a cocatalyst (metal nanoparticles) along with a semiconductor to make a 

composite is one of the common methods used in semiconductor based photocatalysis to 

enhance its activity. The Fermi level of the metal nanoparticle is usually lower than that 

of semiconductor, which allows for electron transfer from the semiconductor to the metal 

nanoparticle cocatalyst. Platinum (Pt), palladium (Pd), gold (Au), and rhodium (Rh) are 

commonly used as cocatalysts.9,10 The Fermi levels of these metals are typically situated 

lower than that of photocatalyst semiconductors; hence, the photogenerated electrons can 

be easily transported to the metals leaving the photogenerated holes in the valence band 

of the semiconductor. Thus, the lifetime of the exciton is increased because the 

recombination rate is decreased.11  Some metal oxides and sulfides such as NiO, RuO2, 
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WS2 and MoS2 have also been investigated as cocatalysts for hydrogen generation or dye 

degradation using different semiconductors.10,12–14 In particular, the use of NiO as a 

cocatalyst with  La-doped NaTaO3
15, SrTiO3

16, IntaO4
17 was shown to lead to efficient 

splitting of water. Many metal sulfide based cocatalysts such as MoS2 have been studied 

to enhance the photocatalytic activity of visible light active chalcogenides like CdS.18–21 

In a recent development  Z. Sun et al22 reported excellent  photocatalytic hydrogen 

evolution from water reduction using CdS nanorods decorated by crystalline Ni2P used as 

cocatalysts. The maximum photocatalytic hydrogen evolution rate was reported to be 

around 1200 mmol/ h/mg of sample.  

 Besides cocatalyst loading, considerable efforts have been made to extract 

photogenerated electrons from the conduction band of a semiconductor by using layered 

carbon materials like graphene and graphene oxides.23–27  

 In addition to those composite systems, efforts have been made to produce better 

photocatalysts with two or more semiconductor-based photocatalytic materials.8 In the 

rest of this chapter the principles for construction design of semiconductor-based 

heterojunctions on the basis of band gaps and band positions of individual components 

will be described. The strategies for separation of photogenerated charge carriers leading 

to enhanced visible-light photocatalytic activity will be discussed. Examples of major 

types of visible-light-active semiconductor-based heterojunctions will be provided.  

 

2.4 Semiconductor – Semiconductor Heterojunctions 

 Composite photocatalyst or heterojunction has been introduced to address the 

issues of maximum charge carrier recombination as well as minimum visible light 
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activity. Well-designed heterojunctions enhance separation of photogenerated electron–

hole pairs so that they can transfer to the surface to be involved in further electrochemical 

reactions. Heterojunctions formed by two semiconductors may be divided into two types: 

p-n and non p-n heterojunctions.

p-n heterojunctions: In these heterojunctions, the two semiconductors come into contact

in such a way that they form a p-n junction with a space charge region to transfer 

electrons and holes in opposite direction as shown in Figure 2.5. The electrons are 

transferred to the CB of the n-type semiconductor and the holes are transported to the VB 

of the p-type semiconductor. This electron-hole transfer is driven by the electric field 

created within the space charge region (junction).  

Figure 2.5: Schematic diagram showing the energy band structure and electron–hole pair 

separation in the p–n heterojunction. 
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Table 2.1: Common p and n-type of semiconductors with their representative band gaps (in eV). The band gaps and crystal structure 

parameters have been taken from the references used in this chapter. 

p-type semiconductor n-type semiconductor

symmetry system band gap, eV crystal structure band gap, eV 

Bi2O3 tetragonal 2.80 TiO2 (anatase) tetragonal 3.20 

MoS2 hexagonal 1.75 ZnO hexagonal 3.20 

Cu2O cubic 2.10 WO3 triclinic 2.70 

BiOI tetragonal 1.95 CdS hexagonal 2.10 

CuCrO2 hexagonal 1.32 Ta2O5 orthorhombic 3.90 

CuInS2 tetragonal 1.55 Bi2WO6 orthorhombic 2.80 

BiOBr tetragonal 2.90 BiVO4 monoclinic 2.40 

V2O5 orthorhombic 2.30 SrTiO3 cubic 3.20 

CuAlO2 hexagonal 1.29 TaON monoclinic 2.50 

ZnMn2O4 cubic 1.23 Ta3N5 monoclinic 2.10 
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 Based on the nature of the donor and acceptor properties, all semiconducting 

materials can be categorized into either a p or n-type (Table 2.1). If these p and n-type 

semiconductors, with suitable band gaps and band positions, are combined in such a way 

to adopt the mechanism described in Figure 2.5, they may form p-n heterojunction types 

of composites. Hence, the method of synthesis is the crucial step in obtaining effective p-

n junction based composites. At the same time, the morphology of synthesized 

heterojunction samples plays an important role in the photocatalytic activity of catalysts. 

For example, X. Li et al. 28 synthesized a hollow sphere type of p-n junction based 

composite with bismuth oxide and bismuth tungstate as described in Figure 2.6. The 

superior visible-light-driven photocatalytic efficiency was attributed to effective charge 

carrier separation due to the formation of a p-n junction with the loosely packed hollow 

nanostructure. Table 2.2 summarizes the recent work in the p-n type of heterojunction 

based composite photocatalysts.  

 

Figure 2.6: Synthetic route of Bi2O3-Bi2WO6 hollow sphere p-n junction. The inset 

picture shows the enhanced photocatalytic activity for RhB degradation due to the hollow 

nature and formation of the p−n junction in the composite.  
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Table 2.2: Some p-n junction photocatalysts 

Catalyst Photocatalytic experiment Enhancement Factor/ Activity Ref. 

CuO-BiVO4 Methyl orange degradation Nearly 1.5 times higher than BiVO4. 
29

Bi2O3-Bi2WO6 Phenol and RhB degradation Nearly 2.5 times higher than Bi2O3
30

CuO-ZnO Methyl orange degradation (UV-vis light) 2 times greater than the neat ZnO 31

NiO-TiO2 Methylene blue degradation under UV light Nearly 2 times higher than neat TiO2 
32

NiO-ZnO Oxidation of [Cr2O7] 
2- under UV irradiation Efficiency increased from 17.4 to 65.9%. 33

Cu2O-TiO2 Degradation of P-nitrophenol in visible light 

(  420 nm)

The Cu2O/TiO2 network shows much higher 

degradation rate (1.97 µg/min cm2) than 

unmodified TiO2 NTs (0.85 µg/min cm2). 

34

CaFe2O4-ZnO Methylene blue degradation in UV light Photocatalytic degradation efficiency 

increased from 50.1 to 73.4% 

35
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2.5 Non p-n Heterojunctions 

 These types of heterojunctions are built of two or more semiconductors having 

suitable band gap and band positions, tightly bonded with each other. The two 

semiconductors must have intimate contact to facilitate the transfer of photogenerated 

electrons and holes between the two species. This type of heterojunction is different from 

the p-n junction in the fact that p-n junction includes a depletion region and built-in field 

from charge transfer during equilibration while this non p-n junction appears to be the 

case for nano-scale junctions, where photo-carrier collection occurs via the band offsets. 

There are three major types of visible light active heterojunctions made by two 

semiconductors. They are differentiated based on the band gaps and relative band 

positions of their semiconductors components: Type I: heterojunction made of visible 

light active and UV active components; Type II: heterojunction made of two visible light 

active components; Type III: heterojunction with Z-scheme mechanism 

 

2.5.1 Type I: Heterojunctions made by visible light active and UV light active 

components 

 In the first type, one component of the heterojunction is active, thus, under visible 

light irradiation, electron-hole pairs are created while the second component is not 

capable of producing photogenerated carriers upon visible light irradiation. The electrons 

in the CB of the small band gap component can be transferred to the CB of the large band 

gap component leaving the hole in the VB of the excited component. The electrons can 

participate in surface chemical reactions as shown in Figure 2.7. The conduction band 

position of the small band gap semiconductor must be above that of the large band gap 
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semiconductor for the heterojunction to work. This type of composite is used to extend 

the absorption range of UV light active semiconductors towards visible light.  

 

Figure 2.7: Schematic diagram showing composite made of one visible light active 

component and other UV light active component.  

 Several chalcogenide-containing heterojunctions of this type were studied, 

including CdS-TiO2,
36–42 ZnS-ZnO,43 CdS-ZnO,44,45 CdS-Ta2O5,

46 CdS-NaNbO3,
47,48 

ZnSe-TiO2-xNx
49 and ZnSe-ZnO50, etc. Besides chalcogenides, there are some studies 

containing two semiconductor oxides (one visible light active and other UV light active) 

like CaWO4/Bi2WO6,
51 Gd2Ti2O7/GdCrO3,

52 In2O3-TiO2,
53 In2O3-Ta2O5,

54,55 In2O3-

Gd2Ti2O7,
56 In2O3-La2Ti2O7,

57 Bi2O3-Ag3PO4,
58 Bi2O3-TiO2,

59 In2S3-TIO2,
60,61

 Bi2MoO6-

TiO2
62–64, etc. The enhanced activity of those composites is attributed to the effective 

charge separation in the two components. Since photogenerated charge carriers must have 

mobility from one to another, the crystal structures of individual components play a 

crucial role in maximizing the charge separation.65 The crystal structure of BiIO4 is 

composed of layered structures and these layers are favorable to the separation of 
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photogenerated electrons and holes, enhancing the photocatalytic activity for the 

composite.  

 In a similar manner, heterojunction formed by g-C3N4 and Sr2Nb2O7 also showed 

the importance of layered structure in photocatalytic activity (Figure 2.8).66 Detailed 

description of this heterojunction will be given in chapter 3.  Similar heterojunctions have 

been reported in literature using g-C3N4 along with large band bap (UV active) 

semiconductors.23,27,67–80 

 

 

Figure 2.8: (a) Crystal structure of layered perovskite, Sr2Nb2O7; (b) STEM image 

showing intimate contact between g-C3N4 and Sr2Nb2O7 and observed activity for the 

hydrogen generation; (c) Schematic diagram of separation and transfer of photogenerated 

carriers in the Pt cocatalyst loaded CN/SNO composite under visible light irradiation. 
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2.5.2 Type II: Heterojunctions made by two visible light active components 

 When both components are active in visible light, then both components play an 

equal role in absorption, electron-hole pair separation, and surface chemical reactions. 

For this heterojunction to work well, the VB and CB of one component should be higher 

than the VB and CB of the second component. Thus, excited electrons in the CB of one 

component can transfer to the CB of another component, while the photogenerated holes 

can transfer to the VB of the second component. This effectively leads to separation of 

charges, as shown in Figure 2.9.  

 

 

Figure 2.9: Schematic diagram showing composite made of two visible-light active 

components.  

 A number of heterojunctions in which both components are active under visible 

light irradiation have been reported. Table 2.3 summarizes some of the most important 

examples reported. Since the discovery of  visible-light photocatalytic activity of 

graphitic carbon nitride (g-C3N4), several heterojunctions containing g-C3N4 have been 
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reported  such as g-C3N4-Bi2WO6,
81,82 g-C3N4-TaON,83 g-C3N4-BiOBr,84 g-C3N4-CdS,85–

88 In2O3-g-C3N4,
89 g-C3N4-Ag3PO4,

90 graphene-g-C3N4.
91 Because of the small band gap 

and layered structures of graphitic carbon nitride, the charge carrier movement is 

favourable for maximizing the charge carrier separation in visible light. Besides the 

layered carbon nitride based compounds, several studies have described bismuth-based 

composite catalysts, including Bi2S3-Bi2WO6,
92

 BiOCl-Bi2O3,
93

 Bi2O3-WO3,
94

 and WO3-

Bi2WO6.
95 An elegant example of the work done in this area is reported in a recent paper 

by Wang et al. 96 where an excellent scheme for the preparation of a core-shell type 

Bi2O3-Fe3O4 heterojunction using a solvothermal method. Scanning electron microscope 

images of this heterojunction are shown in Figure 2.10. Because of the high surface area 

of flowerlike architectures of the composite (73.8 m2/g), the RhB degradation was nearly 

10 times greater than that of the commercial bismuth oxide (surface area 0.36 m2/g).  

 

Figure 2.10: (a-b) SEM images with different magnifications of the Fe3O4-Bi2O3 

composite.96 
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Table 2.3: Heterojunctions with two visible light active components 

Catalyst Morphology Enhancement Factor / Activity Ref. 

Bi2O3-Fe3O4 Sphere-like architectures (420 nm) 10 times than commercial Bi2O3 for RhB  degradation 96

Bi2O3-WO3 Elongated and sphere-like  particles 

(40-60 nm) and cauliflower like 

microstructures (200-300 nm) 

Rate constant of RhB (or 4NA) degradation was determined 

to be 3.12 (4.32) times larger than that of pristine Bi2O3 and 

2.78 (3.32) times that of WO3 

94

Bi2S3-Bi2WO6 Two-dimensional plate-like 

structure (100 −200 nm) 

51.6% phenol was degraded in 2 hours for composite in 

comparison to 12% for bare Bi2WO6 

92

WO3-Bi2WO6 Nanoplatelets (1.5 µm) 10 times than that of WO3 and 2 that of  than Bi2WO6 for RhB 

degradation 

95

BiPO4-BiVO4 BiPO4 particles closely 

adhered to the surface of the BiVO4 

Rate constant for methylene blue degradation is twice  that of 

pure BiVO4 

97

WO3-Sb2O3 Square shape particles in the range 

of 100–170 nm 

Nearly 9 times that of Sb2O3 and 4.5 that of  than WO3 for 

RhB  degradation 

98
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WO3-Fe2O3 Fe2O3 nanoparticles were decorated 

in WO3 hierarchical microsphere 

Rate constant for RhB  degradation for composite is nearly 

1.7 times that of pure WO3

99

AgI-Bi2WO6 Flower-like particles Almost 1.28 times that of  pure Bi2WO6 for RhB  degradation 100 

Bi2O3-Cu2O Nano-flower Nearly 2 times that of  Bi2O3 for RhB  degradation 101

CdS- Fe2O3 Three-dimensional micro flowers. Almost 1.67 times that of α-Fe2O3 for reduction of Cr(VI) 102

Fe2O3-Bi2WO6 Sphere like hierarchical structure The acid red G dye and RhB degradation rates were 2.4 and 

2.7 times respectively higher than those of pure Bi2WO6 

103
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2.5.3 Type III: Heterojunctions with Z-Scheme mechanism 

 Another type of heterojunctions with two visible-light active components is based 

on what is referred to as the Z-scheme type scheme. In this type of heterojunctions, the 

band positions are situated in such a way that photogenerated holes in the VB of one 

component (semiconductor A) are annihilated by photogenerated electrons in the CB of 

the second component (semiconductor B) as shown in Figure 2.11.  In addition,   when 

the photogenerated electrons transfer from semiconductor A to semiconductor B, charge 

carrier separation follows the same mechanism as that shown in Figure 2.9.  

 

Figure 2.11: Schematic diagram showing composite made of two visible-light active 

components with Z-scheme type of mechanism.  

 Most heterojunctions described with Z-scheme mechanism have been made  using 

g-C3N4 and were studied for both hydrogen production and dye degradations.79,104–107 For 

example,  the excellent photocatalytic hydrogen generation performance from 

triethanolamine (TEA) aqueous solution under artificial solar light using WO3/g-C3N4 

composite was reported.108 The maximum photocatalytic hydrogen evolution was 

observed with 10% loading of WO3. The enhanced activity of the composite was 
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attributed to the Z-scheme photocatalytic system and an efficient charge separation of the 

photogenerated electron–hole pairs. Table 2.4 summarizes recently reported systems with 

the Z-scheme type mechanism. Our group has also reported enhanced activity of 

Bi2O3/TaON (BITON) and Bi2O3/Ta3N5 (BITN) over corresponding TaON and 

Ta3N5.
109,110  The enhanced activity of BITON and BITN heterojunctions over pure 

TaON and Ta3N5 can be explained by the trapping of holes due to the presence of 

bismuth oxide. During visible light irradiation, both components are activated, creating 

electrons and holes in their respective CB and VB. In both systems, photogenerated 

electrons in the CB of TaON or Ta3N5 can be injected in the CB of Bi2O3. Thus electrons 

are mainly concentrated in the CB of bismuth oxide. It is worth noting that the position of 

the CB of Bi2O3 (+0.34 vs NHE) doesn’t allow Bi2O3 to be effective at water reduction.  

However, both BITN and BITON are not only effective at H2 generation from water 

reduction, but their activities are considerably higher than individual Ta3N5 or TaON 

components. This implies that electrons in CB of Ta3N5 or TaON in BITN or BITON are 

responsible for hydrogen generation and the photogenerated holes are annihilated by CB 

electrons of Bi2O3 as explained by the Z-Scheme mechanism.  
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Table 2.4: Visible light active composite with two semiconductors showing Z-Scheme mechanism 

Catalyst Morphology Improved performance Ref. 

WO3- g-C3N4 WO3 particles are uniformly distributed 

on the surface of flat sheet g-C3N4

The best composite was 2 times higher than that of g-

C3N4. 

108

MoO3-g-C3N4 MoO3 are deposited on the g-C3N4

layered surface. 

The rate constant (k) for methyl orange degradation 

is 10.4 times higher than that of pure g-C3N4 

105

Bi2O3-NaNbO3 Bi2O3 is well dispersed on the surface of 

NaNbO3 without morphological change 

The RhB degradation rate constant for composite is 

almost 6.3 times than that of pure NaNbO3 

111

BiVO4-g-C3N4 BiVO4 nanoplates were clustered on g-

C3N4 nanosheets. Coupling happens on 

the (002) and (121) facets of g-C3N4 and 

BiVO4, respectively. 

The photocatalytic RhB degradation for best 

composite is almost 10.36 and 10.68 times higher 

than those of single g-C3N4 and BiVO4, respectively. 

112

AgI-Bi2O3 AgI nanoparticles (5–20 nm) were 

deposited on the β-Bi2O3 nanosheets. 

The rate constant for MO degradation is about 4.1 

times that of AgI and about 6.2 times that of β-Bi2O3. 

113
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 In addition to the systems described above, Domen’s group recently reported the 

synthesis of heterojunction formed of visible-light-active TaON and UV active 

monoclinic m-ZrO2 whose enhanced photocatalytic performance cannot be explained on 

the basis of charge carriers separation only.114 The m-ZrO2/TaON heterojunction showed 

higher photocatalytic production of H2 from aqueous methanol solution under visible 

light irradiation than that of either m-ZrO2 or TaON. Photogenerated electrons in the CB 

of TaON can migrate to the CB band of m-ZrO2, however, the transfer of holes from VB 

of TaON to that of m-ZrO2 can’t occur because it is energetically unfavorable (the VB of 

m-ZrO2 is lower that VB of TaON). Domen et al. explained the observed enhanced 

activity as due to electrochemical reactions that take place at the surface of TaON, and 

that incorporation of m-ZrO2 helps decrease defects concentration in TaON as described 

in Figure 2.12. The suppression of reduced tantalum species during nitridation of Ta2O5 

loaded with m-ZrO2 is shown to be important to enhance H2 evolution activity of TaON.  

 

Figure 2.12: Scheme to show the enhanced visible-light activity of m-ZrO2/TaON over 

TaON. 
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2.6 Multicomponent semiconductor heterojunctions 

 Although several two-component heterojunction photocatalysts have been 

introduced, there are still some drawbacks such as a limited region of visible light 

response. To address this problem, multicomponent heterojunction system is introduced, 

in which two or more visible-light active components and an electron-transfer system are 

spatially integrated. Most of these heterojunctions consist of two semiconductors and one 

metal. Zhang et al.115 described a AgBr/Ag/Bi2WO6 nano-junction for the degradation of 

the azo dye, Procion Red MX-5B and the organic pollutant pentachlorophenol. The 

composite exhibited higher photocatalytic activity than Bi2WO6 and Ag-Bi2WO6. The 

enhanced activity was attributed to the effective charge separation of the three-

component heterostructure (Figure 2.13).  

 

 

Figure 2.13: Photocatalytic scheme of the AgBr-Ag-Bi2WO6 nano-junction system. 
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 The photogenerated electrons in the CB of Bi2WO6 migrate to Ag through the 

Schottky barrier because the CB of Bi2WO6 is higher than that of the metal Ag. 

Simultaneously, photogenerated holes in the VB of AgBr also migrate to Ag. The transfer 

of photogenerated electrons from CB of Bi2WO6 to Ag and that of holes from the VB of 

AgBr to Ag is faster than electron–hole recombination. The process leaves electrons 

mainly in CB of AgBr and holes mainly in the VB of Bi2WO6 with strong reductive 

power and oxidative power, respectively, for the further surface chemical reactions. Other 

examples of three-component systems with similar mechanisms are tabulated in Table 

2.5. Beside these type of heterojunction, there are few reports containing the 

semiconductors, including Cu2O/CuO/TiO2,
116 TiN/TiOxNy/TiO2,

117 

Bi2O3/Bi4Ti3O12/TiO2,
118 Bi2O2CO3/Bi2MoO6/g-C3N4,

119 BiVO4/SnO2/WO3,
120

 and 

Fe3O4/SiO2/Bi2WO6.
121 
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Table 2.5: Heterojunctions with three components 

Catalyst Activity Ref. 

Fe3O4-SiO2-Bi2WO6 The RhB degradation rate constant for Fe3O4-SiO2-Bi2WO6 composite is nearly 11.4 

times that of the Bi2WO6 and 5.3 times that of Fe3O4-Bi2WO6  

121

ZnO-CdS-Cd The photocatalytic hydrogen evolution rate for composite was 5.1 times that of a Pt-

loaded ZnO–CdS heterostructure.  

122

CdS-Au-TiO2 The enhanced activity is attributed to the Z-scheme type of mechanism. 123

RuO2-TiSi2-reduced GO The composite showed H2 evolution (97.5 µmol h-1 g-1) than RuO2/TiSi2 composite 

(71.9 µmol h-1 g-1) and pure TiSi2 (56.3 µmol h-1 g-1) under visible-light irradiation. 

124

Ag-Ag3PO4-BiPO4 The composite degrade about 98 % RhB within 60 min of visible light irradiation while 

only 90 % conversion was observed with two component composite, Ag3PO4/BiPO4 

125
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2.7 Conclusions 

 Different types of heterojunctions can be designed based on individual 

components band gaps and band positions to achieve an effective charge separation and 

allow for enhanced visible-light activity. This chapter has reviewed general strategies and 

recent advances in visible-light active semiconductor-based composite photocatalysts. A 

variety of methods such as in situ growth, solution mixing, hydrothermal and/or 

solvothermal strategies have been developed for fabricating semiconductor-based 

heterojunctions with different morphologies. These photocatalysts have been studied for 

the degradation of toxic organic molecules, photocatalytic hydrogen generation, and 

photocatalytic disinfection under using visible light irradiation. Results of studies of these 

types of heterojunctions seem to indicate that the strategy generates photocatalysts with 

enhanced activities, in part because of better charge separation, which reduces the 

recombination rate of charge carriers, and also because of the extension of the absorption 

range of UV active photocatalysts to visible light to maximize the use of solar radiation.   
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Abstract 

 Visible-light-active g-C3N4/Sr2Nb2O7 heterojunction photocatalyst was fabricated 

by deposition of carbon nitride (g-C3N4)  over hydrothermally synthesized strontium 

pyroniobate (Sr2Nb2O7) nanoplates by a simple thermal decomposition process. The 

microscopic study revealed that nanosheets of g-C3N4 were anchored to the surface of 

Sr2Nb2O7 resulting in an intimate contact between the two semiconductors. Diffuse 

reflectance UV-Vis spectra show that the resulting g-C3N4/Sr2Nb2O7 heterojunction 

possesses intense absorption in the visible region. The structural and spectral properties 

endowed the g-C3N4/Sr2Nb2O7  heterojunction with remarkably enhanced photocatalytic 

activity. Specifically, the photocatalytic hydrogen evolution rate per mole of g-C3N4 was 

found to be 11 times higher for  g-C3N4/Sr2Nb2O7 composite compared to pristine g-

C3N4. The results clearly show that the composite photocatalyst not only extends the light 

absorption range of Sr2Nb2O7 but also restricts photogenerated charge carrier 

recombination, resulting in significant enhancement in photocatalytic activity compared 

to pristine g-C3N4. Relative band positions for the heterojunction allow the 

photogenerated electrons in the conduction band of g-C3N4 to migrate to that of Sr2Nb2O7 

This kind of charge migration and separation leads to the reduction in overall 

recombination rate of photogenerated charge carriers, which is regarded as one of the key 

factors for enhanced activity. The plausible mechanism for the enhanced photocatalytic 

activity for the heterostructured composites is proposed based on observed activity, 

photoluminescence, time-resolved fluorescence emission decay, electrochemical 

impedance spectroscopy and band position calculations. 
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3.1 Introduction 

Photocatalysis can be defined as an electrochemical reaction induced by photo-

irradiation in the presence of a catalyst, or more specifically, a photocatalyst. Ideally, 

these photocatalysts facilitate electron transfer processes without being consumed or 

transformed. Photosynthesis is a well-known example of a naturally occurring 

photocatalytic process, in which chlorophyll serves as the photocatalyst. Semiconductor-

mediated photocatalysis is recognized as a viable solution to addressing current 

environmental issues such as the production of sustainable and clean energy, and water 

treatment.1 Since the work of Honda and Fujishima in 1972,2 many oxide-based 

semiconductors, in particular, TiO2, have received great attention as promising materials 

for photocatalytic H2 generation from water.1,3–5 The process of semiconductor 

photocatalysis can be described in a few simple steps. First, irradiation with light of 

energy larger than the bandgap of the photocatalyst, separating the vacant conduction 

band (CB) and filled valence band (VB), excites an electron from the VB into the CB, 

leading to the formation of an electron-hole pair. These photogenerated electrons (e−) and 

holes (h+) may be involved in reduction and oxidation processes, respectively, at the 

surface of the photocatalyst unless they recombine to give no net chemical reaction. TiO2 

has been a widely studied as a photocatalyst for photocatalytic hydrogen production from 

water because it is stable, non-corrosive, environmentally friendly, abundant, and cost-

effective. More importantly, its energy levels are appropriately located relative to the 

water-splitting reaction. That is, the CB of TiO2 is more negative than the reduction 

potential of water (E(H+/H2) = 0 V), while the VB is more positive than the oxidation 

potential of water (E(O2/H2O) = +1.23 V). However, the photocatalytic water-splitting 
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efficiency of TiO2 under solar light irradiation is still very low, due to the fact that 1) the 

photo-generated electrons in the CB of TiO2 quickly recombine with the VB holes to 

release energy in the form of heat or photons; 2) the decomposition of water into 

hydrogen and oxygen has a large positive Gibbs free energy (ΔG = 237 kJ/mol), thus 

forming  the backward reaction (recombination of hydrogen and oxygen into water); and 

3) the band gap of TiO2 (anatase) is about 3.2 eV, which makes this semiconductor only

active under UV irradiation. To maximize the use of solar radiation, the photo-response 

of the catalysts should be in the visible region of the electromagnetic spectrum, since 

visible light accounts for 45% of the total solar radiation while UV light makes up 

approximately 4% of the total solar light. Therefore, an ideal photocatalyst should 

function in the visible light region (420 nm <  > 800 nm) with a band gap less than 3 

eV.6–9 In addition, for a photocatalyst to be active towards specific electrochemical 

processes such as reduction of water to produce hydrogen, it needs to possess appropriate 

band edge positions and a relatively narrow band gap for the efficient utilization of 

visible light.4,6,9  

In order to overcome the limitation that a majority of oxides are only UV 

responsive, different strategies have been developed to extend their light absorption range 

into the visible region, such as doping with metal or non-metal ions or forming 

heterojunctions by combining a semiconductor with a metal or with other 

semiconductors.10–16  The most common approach is the use of cation and/or anion 

doping to engineer band gaps of UV-active semiconducting oxides.7,17 The other 

approach is to form a semiconductor heterojunction by coupling with a second material 

(either a dye or another semiconductor).14,15,18,19 This approach of constructing 
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heterojunctions was examined in a variety of applications including water splitting and 

organics degradation. Properly designed heterojunctions can also lead to separation of 

photogenerated electron-hole pairs, thus increasing the pairs’ lifetime so that it can 

transfer to the surface to participate in redox processes. Taking into account the above-

mentioned facts of charge carrier recombination and absorption range extension, we 

prepared, characterized, and studied photocatalytic properties of visible-light-active 

heterojunction prepared from two semiconducting components with suitable band gaps 

and band positions.20–22 The heterojunction consists of two layered semiconductors, 

Sr2Nb2O7 and g-C3N4 in a 1:1 mass ratio (mole fraction of g-C3N4 in the heterojunction is 

0.85). This ratio was found to form the heterojunction with the best photocatalytic H2 

production under visible light. 

The first component of the heterojunction consists of graphitic carbon nitride g-

C3N4 (CN) (Eg = 2.7 eV) which was recently reported as a promising photocatalyst for 

water splitting under visible light irradiation.23,24 g-C3N4 is chemically and physically 

stable in air as well as in aqueous solutions over a wide range of pH and has a layered 

structure (Table 3.1) that is similar to graphene.25,26 Furthermore, in comparison to metal 

based photocatalysts, g-C3N4 can be prepared inexpensively using readily available 

precursors such as melamine.27–29 However, g-C3N4 obtained from thermal 

decomposition of melamine was reported to contain small amounts of hydrogen.30 The 

photocatalytic efficiency of g-C3N4 is very low due to high recombination of 

photogenerated electron-hole pairs. Several strategies, including elemental dopings,31–35 

introduction of mesoporous structures,34,36,37 as well as coupling with other 

semiconductors to form heterojunctions, have been studied to improve the photocatalytic 
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activity of g-C3N4.  Considering the benefits of heterojunctions, several g-C3N4-based 

composite photocatalysts, such as g-C3N4/TiO2,  g-C3N4/TaON, g-C3N4/In2O3,  g-

C3N4/BiPO4, g-C3N4/ZnO, g-C3N4/SrTiO3,  g-C3N4/Bi2WO6, g-C3N4/ZrO2, g-C3N4/CdS,  

g-C3N4/BiOBr, g-C3N4/ZnWO4, and g-C3N4/NaNbO3, have been successfully prepared 

and many displayed significantly higher photocatalytic activity under visible light 

irradiation.38–56 

 The second component of the CN/SNO heterojunction studied in this report is 

Sr2Nb2O7 (SNO), which has a layered structure and large band gap (Table 3.1). It has 

attracted wide interest due to its high quantum yield for photocatalytic water splitting 

under UV light irradiation.57 The compound crystallizes in the orthorhombic system with 

space group Cmc21. Its structure is composed of perovskite-type slabs parallel to (010) 

planes. The slabs are composed of NbO6 octahedra connected to each other by sharing 

corners. The crystal structure representation of Sr2Nb2O7, as presented in Table 3.1, 

shows two perovskite slabs in a projection down [010]. There are two types of Sr2+ 

cations.58 One type is located near the boundary of the slab, linking adjacent slabs, and is 

surrounded by seven oxygens. The second type is located within the slabs and is 

coordinated to 12 oxygen atoms.59 The layered structure of this material is believed to 

play a role in allowing easier transport pathways of photogenerated electron/hole pairs to 

the surface leading to higher quantum efficiency. However, the use of Sr2Nb2O7 as a 

photocatalyst is somewhat limited due to its large band gap. Recently, nitrogen doping 

was successfully used to extend its absorption range to the visible region.60  

 The semiconductor heterojunction composed of g-C3N4 and Sr2Nb2O7 (CN/SNO), 

exhibited remarkably enhanced activity for photocatalytic H2 production from water 



55 

under visible light irradiation that is one order of magnitude higher than that of g-C3N4. 

The photocatalytic study shows that the heterojunction extends the light absorption range 

of Sr2Nb2O7 (SNO) and decreases the recombination rate of photogenerated charge 

carriers, resulting in a significant enhancement in photocatalytic activity compared to g-

C3N4 (CN). A plausible mechanism for the observed enhanced photocatalytic activity for 

CN/SNO is proposed based on observed activity and band positions.  

Table 3.1: Crystal structure representation and electronic structure data of the CN/SNO 

heterojunction  

Compounds g-C3N4 (CN) Sr2Nb2O7 (SNO) 

Crystal structure 

graphics 

Color of sample Yellow White 

Band Gap, eV 2.75 3.58 

Calculated band 

Positions, eV vs 

NHE 

CB - 1.10 - 0.93

VB + 1.65 + 2.65
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3.2 Experimental section 

3.2.1 Hydrothermal synthesis of crystalline strontium pyroniobate nanoplates 

Strontium pyroniobate nanoplates were prepared using a novel hydrothermal 

route using niobium chloride (NbCl5, Alfa Aesar, 99.9 %) and strontium nitrate 

(Sr(NO3)2, Sigma-Aldrich, 99.0 %). In a typical reaction, 5 mmol (1.350 g) of NbCl5 was 

dissolved in 10 mL of ethanol and 5 mmol (1.058 g) of Sr(NO3)2 was dissolved in 10 mL 

of deionized water to form a colorless solution. The aqueous NbCl5 solution was added to 

the Sr(NO3)2 solution dropwise and the pH of the solution was maintained at around 10-

11 by the addition of a 2 M NaOH solution. After formation of a white precipitate, the 

mixture was transferred to a 100 mL autoclave, sealed, and heated to 220 °C for 24 hours 

(heating and cooling rate at 5 °C min−1). The white solid thus obtained was recovered by 

centrifugation and washed with deionized water and ethanol three times before drying in 

a vacuum oven at 60 °C for 12 hours. The solid was confirmed to be Sr2Nb2O7 by PXRD. 

1.02 g of Sr2Nb2O7 was obtained (% yield ≈ 85% based on the mass of strontium nitrate 

and niobium chloride precursors used). 

3.2.2 Synthesis of heterojunction based on g-C3N4 and Sr2Nb2O7 

In a typical preparation of the CN/SNO composite, as-prepared SNO and 

melamine powders (Sigma-Aldrich, 99.0 %) with a mass ratio of 1:4 were ground for 30 

min and the mixture was transferred to an alumina crucible and heated at 525 °C in a 

muffle furnace for 4 h at a heating rate of 5 °C min−1. Pure CN was also prepared by 

thermal decomposition of melamine using the same conditions. To evaluate the role of 
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the heterojunction in the photocatalytic activity of CN/SNO photocatalysts, a 

heterogeneous mixture of CN and SNO (1:1 ratio by mass) was also prepared and used 

without heat treatment.  

 

3.2.3 Characterizations 

 Powder X-ray diffraction (PXRD) measurements were carried out on a Bruker-D2 

Phaser diffractometer, with Cu-Kα radiation (=0.15418 nm) with an operating voltage 

of 30 kV and an operating current of 10 mA. The morphology and electron mapping 

analysis of the samples were analyzed by a scanning transmission electron microscope 

(STEM, JEOL 2200-FS) with aberration corrected at 200 kV. Scanning electron 

microscopy (SEM) images were collected on a Zeiss Ultra60 FE-SEM with an operating 

voltage at 5.0 kV.  Energy-dispersive x-ray spectroscopy (EDS) with elemental mapping 

were completed on an Oxford Instruments X-MaxN at 10 .0 kV, and images were 

processed using the Aztec software package.   Differential scanning calorimetry (DSC) 

and thermogravimetric analysis (TGA) were completed using an SDT-Q600 (TA 

instrument, USA) from 32-800 °C under constant airflow (100 mL/min) and a heating 

rate of 10 °C/min. X-ray photoelectron spectroscopy (XPS) was performed using Kratos 

Axis Ultra DLD X-ray Photoelectron Spectrometer. The samples were analyzed as 

powders mounted into small pieces of indium metal. The Brunauer-Emmett-Teller (BET) 

surface areas were determined from nitrogen adsorption isotherms at 77 K using 

Autosorb-iQ from Quantachrome. UV-Vis diffuse reflectance spectra (DRS) were 

collected on an Ocean Optics FLAME-S-XR1-ES spectrophotometer equipped with an 

integrating sphere. Fourier transform infrared spectra (FTIR) were recorded on Spectrum 
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100 spectrometer (PerkinElmer). Photoluminescence (PL) and time-resolved fluorescence 

emission decay measurements of the as-prepared powder samples were collected on a 

Horiba JobinYvon Fluorolog Fluorimeter (Model No. FL-1057) using a 450 W Xe 

lamp/monochromator combination and a pulsed LED (Model NanoLED N-330), 

respectively, as the excitation sources.  The excitation monochromator was set at 336 nm 

to match the pulsed LED’s output for all samples for both emission and lifetime 

measurements. The powder samples were compacted into the well of the solid sample 

holder (Model No. 1933) which was oriented at 60 degrees with respect to the excitation 

source to minimize scattering.  All measurements were performed at room temperature. 

The emission signals best fit tri-exponential decay kinetics rather than mono-, bi- or tetra-

exponential kinetics. The average lifetime (τavg) was determined by the following 

equation: 

=  
∑

∑
(3.1) 

Electrochemical impedance spectra (EIS) measurements were conducted with a Gamry 

3000 electrochemical workstation.  Spectra were collected using the conventional three-

electrode system consisting of modified indium-tin oxide (ITO) glass as the working 

electrode, Ag/AgCl as the reference electrode, and a platinum wire as the counter 

electrode.  The EIS measurements were performed between 100kHz – 0.1 Hz at 1.2 V in 

a 0.1 M KCl solution with 5 mM Fe(CN)6
3-/ Fe(CN)6

4- with an amplitude of 150 

mV.  The modified ITO working electrode was prepared by dispersing 7 mg of each 

photocatalyst in 1.0 mL Milli-Q water, dripping 80 μL of the slurry on ITO glass 
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(dimensions: 1 cm × 1 cm), and drying the modified ITO working electrode in a vacuum 

oven at 60 °C for 15 hours prior to the measurement. 

 

3.2.4 Photocatalytic tests 

The photocatalytic reactions were carried out in a Pyrex reaction vessel connected to a 

closed gas circulation system. A 300 W Xenon lamp (Newport Corporation) was used as 

the light source with a 420 nm cut-off filter to provide visible light irradiation. All 

experiments were performed at ambient temperature (25 °C) using a water jacket around 

the photocatalytic cell. In a typical photocatalytic reaction, 100 mg of the photocatalyst 

was dispersed in an aqueous solution of methanol (5 mL of methanol and 45 mL of 

deionized water). Before illumination, the suspension was degassed using nitrogen gas 

for 30 min in order to remove any dissolved oxygen. Then, the solution was exposed to 

visible light irradiation (  420 nm) under magnetic stirring. The amount of hydrogen 

produced was quantified by gas chromatography (HP 6890 with TCD FID, Argon 

carrier). For repeatability and stability tests of the catalysts, CN/SNO was used for the 

photocatalytic water reduction tests under visible light irradiation. The suspension with 

the photocatalyst was degassed using nitrogen gas (for 30 min) at the end of each cycle.  

In all cases, the Pt co-catalyst (2.5 % by weight) was loaded with the catalyst (unless 

otherwise mentioned) using a photo-deposition method using chloroplatinic acid 

hexahydrate (H2PtCl6 6H2O, Sigma-Aldrich) as the Pt source. In a typical reaction of co-

catalyst loading, 100 mg of catalyst and a calculated amount of chloroplatinic acid 

hexahydrate were introduced into a pyrex photocatalytic cell with 50 mL of aqueous 

solution containing 10 mL of methanol. The suspension was irradiated with UV light for 
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4 hours with constant magnetic stirring. The gray colored Pt coated samples were 

recovered using centrifugation and dried in vacuum at 60 °C for 4 hours before 

subsequent studies. The apparent quantum yield (AQY) was calculated according to the 

solar hydrogen production rate based on the following equation.  

 

AQY(%) = 
     × 

   
× 100    (3.2) 

 

The average intensity of irradiation (with band pass filter at   = 420 nm) was determined 

to be 0.45 W/cm2 with the irradiation area of 4.12 cm2. The numbers of incident photons 

(N) were calculated to be 2.80 x 1021 for one hour of irradiation. Similarly, the turnover 

number and turnover frequencies were calculated using the following equations.  

 

TON = 
     

      
    TOF = 

  ( )
   (3.3) 

 

3.3 Result and discussions 

 

3.3.1 Characterization of photocatalysts 

Powder X-ray diffraction (PXRD) patterns of the as-prepared SNO, CN and CN/SNO are 

shown in Figure 3.1. The diffraction peaks at 13.0ᵒ and 27.3ᵒ for pure CN sample could be 

indexed as (100) and (002) diffraction planes (JCPDS 87-1526).24,26,36 The diffraction 

peaks of SNO nanoplates synthesized by a solvothermal route were indexed as an 

orthorhombic phase (JCPDS 70-9937) (space group, Cmc21). The refined lattice 

parameters for SNO were refined to be a = 3.9569(3) Ǻ, b = 26.2398(5) Ǻ, and c = 
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5.6789(2) Ǻ. Although the (002) diffraction peak of CN couldn’t be clearly observed in 

the CN/SNO heterojunction due to peak overlapping, the (001) diffraction peak is clearly 

observed. No other impurity phase was observed indicating that no chemical reaction 

occurs between CN and SNO even after treatment at high temperature.  This is further 

supported by the Fourier transform infrared (FTIR) spectroscopy study of CN/SNO, 

which shows the presence of CN (Figure 3.2). The strong absorption bands observed in 

the 1200-1650 cm-1 region are ascribed to the stretching modes of CN heterocycles. The 

strong band at  ~804 cm-1 is the characteristic stretching of tris-triazine units present in 

the CN structure.61,62  
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Figure 3.1: PXRD patterns of SNO, CN, and CN/SNO heterojunction. 
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Figure 3.2: Fourier transform infrared (FTIR) spectra of CN, SNO, and CN/SNO 

heterojunction samples. 

 

Figure 3.3: (a) Diffuse reflectance UV-Vis spectra of SNO, CN, and CN/SNO 

photocatalysts. (b) Tauc plots for CN and SNO used to determine the band gap energy 

(Eg).
  

Figure 3.3 shows diffuse reflectance UV-Vis spectra of CN, SNO, and CN/SNO. 
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Compared with pure SNO, the CN/SNO heterojunction shows absorbance at 

wavelengths higher than 460 nm. The band gap energy can be calculated using equation 

(3.4): 

αh = A(h − Eg)n/2 (3.4) 

where α, h, , A and Eg are the absorption coefficient, Planck constant, light frequency, 

proportionality constant, and band gap energy, respectively; n corresponds to the 

electronic transition properties of the semiconductor (n = 1 for a direct band-gap 

transition and n = 4 for an indirect band gap transition). The values of n for CN and SNO 

are taken as 4 and 1, respectively. 40,46,57,59,63 The band gaps of SNO and CN were 

calculated to be 3.58 eV and 2.75 eV, respectively using the corresponding Tauc plots 

(Figure 3.3b, and Table 3.1).64 The band gap of SNO synthesized in this work was found 

to be slightly smaller than that reported for SNO synthesized by a conventional high 

temperature solid-state reaction (3.90 eV).57–60

The morphology and microstructures of SNO, CN and CN/SNO (Figure 3.4) were 

investigated using high-resolution scanning tunneling electron microscopy (STEM). The 

study revealed that bulk CN consists of small, block-like crystals with a particle size less 

than 100 nm, along with agglomerates with layered-like structures as shown in inset 

picture (Figure 3.4a). From Figure 3.4b, it is clearly seen that SNO contains sheet- and 

needle-shaped particles. Energy-dispersive X-ray spectroscopy (EDS) of CN and SNO 

clearly shows the presence of only carbon and nitrogen (Figure 3.5a) and the presence of 

Sr and Nb (Figure 3.5b). 
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Figure 3.4: STEM images of (a) CN and, (b) SNO, and (c) CN/SNO samples.  

 

Figure 3.5: (a) EDS mapping of pure CN sample showing the presence of Carbon and 

Nitrogen (b) EDS mapping of pure SNO sample showing the presence of Strontium and 

Niobium 
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Figure 3.6: SEM image of CN/ SNO composite with related EDS mapping of Sr, N, and 

Nb.  

 SEM and high-resolution STEM images along with EDS elemental mapping of 

the heterojunction clearly show smooth and intimate contact between CN and SNO which 

supports the formation of a true heterojunction compared to merely a heterogeneous solid 

mixture between the two phases. On the other hand, CN/SNO (Figure 3.4c) clearly 

showed that the SNO particles are homogeneously covered with CN nanosheets, 

demonstrating a tight junction between CN and SNO crystallites. This conclusion is 

further supported by EDS elemental mapping of CN/SNO, which shows an even 

distribution of nitrogen, strontium, and niobium (Figure 3.6). 

 To obtain further information about the microstructure of the CN/SNO, high-

resolution STEM images were collected at higher magnifications (Figure 3.7). Different 

magnified portions of the image provided in Figure 3.7a clearly showed different lattice 

fringes of SNO (Figure 3.7b and c). Observed lattice fringes with 0.30, 0.28, and 0.27 nm 
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correspond to the (131), (002) and (022) interplanar spacing of the orthorhombic lattice 

of SNO respectively (JCPDS 70-9937). 

 

 

Figure 3.7: High-resolution STEM images of CN/SNO heterojunction at different 

magnifications.  

 Combined TGA-DSC analysis of CN/SNO (Figure 3.8) shows a small weight loss 

(~ 2 %) before 200 ○C, which can be attributed to the removal of surface-adsorbed water. 

The composite is thermally stable up to 500 ○C. The decomposition of CN is complete 

at 600 ○C and corresponds to total weight loss of about 50.5 %, confirming that the 1:1 

mass ratio of CN/SNO. DSC shows one major endothermic peak at 595 °C, which 

supports the decomposition of carbon nitride present in CN/SNO.  
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Figure 3.8: TGA and DSC data of CN/SNO.  

 Surface chemical composition and oxidation state of the elements in CN, SNO, 

and CN/SNO were investigated by X-ray photoelectron spectroscopy (XPS) to further 

elucidate the interactions between SNO and CN in CN/SNO (Figure 3.9).  
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Figure 3.9: XPS survey scans for CN, SNO, and CN/SNO samples.  

100 200 300 400 500 600 700
40

50

60

70

80

90

100

W
ei

g
h

t 
%

Temperature, C

49.5 %

0

50

100

150

200

250

300

350

400

 H
e

a
t 

fl
o

w
, m

W



68  

Table 3.2: Binding energy values for C 1s, N 1s, Sr 3d, Nb 3d and O 1s in CN, SNO, and 

CN/SNO samples.  

 

Sample 

Binding Energy Values, eV 

C 1s N 1s Sr 3d Nb 3d O 1s 

 

CN 

284.3 

288.5 

398.4 

400.8 

404.2 

 

--- 

 

--- 

 

--- 

 

SNO 

 

--- 

 

--- 

132.9, 

134.5 

206.9 

209.8 

 

529.7 

 

CN/SNO 

284.1 

288.2 

 

398.2 

400.5 

404.0 

132.5, 

134.2 

206.5 

209.2 

 

529.3 

 These values can be assigned to surface adventitious carbon.65 

  

 The binding energy values for different elements in CN, SNO, and CN/SNO are 

summarized in Table 3.2. High-resolution XPS of C 1s (Figure 3.10a) in CN and 

CN/SNO displays two major peaks at 284.3 and 288.1 eV, which can be attributed to sp2 

hybridized carbon from aromatic rings and sp2 hybridized carbon in N-C=N, 

respectively.47,61,63,66,67 Similarly, three N 1s peaks (at 398.4 eV, 400.8 eV, and 404.2 eV) 

are observed for CN (Figure 3.10b) consistent with the existence of two types of N 

atoms: one type is connected to two neighboring carbon atoms in s-triazine rings, and the 

other make a 3-fold coordination to 3 neighboring atoms. The C 1s and N 1s peaks in 

CN/SNO are found at lower binding energy values than that of pristine CN as shown in 
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Figure 3.10a and b, which support the fact that CN is intimately hybridized with 

SNO.47,61,68,69 Similar conclusion can be made when comparing binding energy values of 

Sr 3d, Nb 3d and O 1s in SNO and CN/SNO (Figure 3.10c, d and e). Quantitative XPS 

elemental analysis XPS confirms the 1:1 composition ratio of CN/SNO in the 

heterojunction. 

 

 

Figure 3.10: High resolution XPS spectra of (a) C 1s, (b) N 1s, (c) Sr 3d, (d) Nb 3d, and 

(e) O 1s for CN, SNO and CN/SNO samples.  

 

3.3.2 Photocatalytic performances 

 The photocatalytic performances of all samples were examined for water 

reduction under visible light irradiation in the presence of CH3OH (10 vol. %) and 2.5 

wt.% of Pt co-catalyst (unless otherwise mentioned). Several heterojunctions with 
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different CN:SNO ratios were prepared and their photocatalytic activity was studied. The 

heterojunction with 1:1 mass ratio was found to have the best performance for hydrogen 

evolution under visible light irradiation (Figure 3.11) and was selected to carry out the 

present study.  
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Figure 3.11: Amounts of hydrogen generated by different composite (CN/SNO) samples 

varying the mass percentage of CN in the final heterojunction. Conditions: 50 mg 

catalyst, 50 mL 10 % vol methanol aqueous solution, 300 W Xe-lamp with filter for 

visible light irradiation (  420 nm). 

Figure 3.12 shows the amount of hydrogen produced from the photocatalytic 

reduction of water in the presence of SNO, CN, and CN/SNO under visible light 

irradiation. No hydrogen production is observed for SNO when exposed to visible light 

because of its large band gap. On the other hand, the rate of generation of H2 increased 

from 9.8 µmol/h for CN to 57.5 µmol/h for CN/SNO heterojunction. The hydrogen 

production rate observed for a blend sample, prepared by physically mixing CN and 
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SNO, was found to be 7.5 µmol/h, which is similar to that produced by pure CN.  This 

finding confirms that a tight junction between CN and SNO in the CN/SNO 

heterojunction is critical to improving the photocatalytic activity under visible light 

irradiation. 
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Figure 3.12: Photocatalytic hydrogen generation from water reduction in the presence of 

SNO, CN, CN/SNO, and blend samples. Conditions: 100 mg catalyst, 50 mL 10 vol.% 

methanol aqueous solution, 300 W Xe-lamp with filter for visible light irradiation (  

420 nm).    

 Figure 3.13 presents a comparative study of hydrogen generation per mole of CN 

and each sample’s surface area. It is notable that the SNO sample has a high surface area 

(64.7 m2/g), which is larger than any other catalyst studied in this report. The 

hydrothermal synthesis of SNO yields a higher surface area. On the other hand, the 

surface area of bulk CN is relatively small (5.4 m2/g), while the surface area of CN/SNO 
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is 47.2 m2/g. It can be clearly seen that surface area of CN/SNO is higher than that of 

bulk CN due to the incorporation of SNO nanoplates. This is further supported by the fact 

that the surface area of blend sample (40.8 m2/g) is comparable to that of CN/SNO 

composite sample.  
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Figure 3.13: Visible-light-induced hydrogen generation rate using SNO, CN, and 

CN/SNO photocatalysts and their BET surface areas.  

 Although SNO has a high surface area, there is minimal hydrogen evolution from 

this sample under visible light irradiation. On the hand, there is an appreciable amount of 

hydrogen produced for SNO under UV light irradiation (Table 3.3). It is also notable that 

overall water splitting was observed in the case of SNO samples with Pt as the co-catalyst 

under UV light irradiation. In comparison, bulk CN shows almost no hydrogen and 

oxygen evolution under visible or UV light in the absence of the Pt co-catalyst. This may 

be explained on the basis of rapid recombination of photogenerated electron-hole pairs on 

the surface of pristine CN. On the other hand, a small amount of hydrogen was generated 
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under the visible light as well as under UV light irradiation in the presence of 2.5 wt.% Pt 

co-catalyst. Oxygen formation from photocatalytic water oxidation was not observed for 

CN (with or without 2.5 % Pt co-catalyst loading), consistent with the fact that the CN 

valence band (VB) potential is located slightly below the oxidation potential of 

water.23,39,61,70 On the other hand, an increased amount of hydrogen and oxygen were 

noticed under UV light irradiation for CN/SNO (with 2.5 % Pt as the co-catalyst, Table 

3.3).   

 It is clearly seen that the visible-light-induced hydrogen evolution rate per mole of 

CN was found to be 11 times larger for CN/SNO compared to bulk CN. Although the 

surface area of CN/SNO (47.2 m2/g) is slightly less than that of pristine SNO (64.7 m2/g), 

the visible light assisted photocatalytic activity is found to be higher than that of SNO. 

The smaller surface area of the composite can be explained on the basis of calcination 

temperature (525 °C) of SNO and melamine mixture to deposit carbon nitride by thermal 

decomposition of melamine. On the other hand, there is not a noticeable enhancement in 

hydrogen production for the blend sample, although its surface area (40.8 m2/g) is 

comparable to that of CN/SNO. This result clearly shows that an intimate contact 

between CN and SNO is critical for enhanced activity towards water splitting.   
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Table 3.3: Photocatalytic overall water splitting on Sr2Nb2O7 (SNO) or g-C3N4 (CN) 

powder sample under UV or visible (   420 nm) light irradiation. The reaction was 

performed on 100 mg of catalyst in 50 mL of pure water (without any hole scavengers 

like methanol) with or without 2.5 % (by weight) Pt cocatalyst.  

Catalyst Light 

source 

Surface area 

m2/g 

Co-catalyst Gas µmol/h 

2.5%  (wt. %) H2 O2 

SNO UV 64.7 none 5.2 trace 

SNO UV 64.7 Pt 45.7 9.4 

SNO Visible  64.7 Pt or none 0 0 

CN Visible 

or UV 

5.40 none 0 0 

CN Visible 5.40 Pt 5.7 0 

CN UV 5.40 Pt 8.8 0 

CN/SNO visible 47.2 none 0 0 

CN/SNO UV 47.2 none 2.8 1.0 

CN/SNO UV 47.2 Pt 55.9 14.4 

 

 In order to investigate the photocatalytic recyclability of CN/SNO, three runs of 

the photocatalytic hydrogen generation were performed in the course of 15 hours (Figure 

3.14). The water solution containing the composite photocatalyst used for the hydrogen 

generation was degassed after each run by bubbling Argon gas through the solution as 

described in the experimental section. PXRD patterns of CN/SNO before and after the 

photocatalytic reactions are virtually the same (Figure 3.14a), indicating that the 
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heterojunction is chemically and photochemically stable. In addition to the stability, the 

rate of photocatalytic hydrogen evolution of CN/SNO was virtually unchanged after three 

cycles over a period of 15 hours (Figure 3.14b), indicating that the photocatalyst is stable 

under visible light irradiation.  

Figure 3.14: Recyclability test for CN/SNO heterojunction: photocatalytic hydrogen 

generation for different cycles.

Using the activity of 100 mg of the sample for 1 hour of visible light irradiation ( 

 420 nm), the apparent quantum yields (AQY) were calculated to be 0.38% for CN and 

2.45% for the CN/SNO heterojunction.  The amount of hydrogen produced after 15 hours 

of visible light irradiation (975 µmol per 100 mg of CN/SNO) was used to determine the 

turnover number (TON) for CN/SNO, which was found to reach to 1.8 in 15 hours with a 

turnover frequency (TOF) of 0.12. The details of each equation used for the calculation of 

AQY, TON and TOF are provided in the experimental section. The amount of hydrogen 

generated under visible light irradiation of CN/SNO is much higher than that reported for 

previously studied g-C3N4 based heterojunctions (Table 3.4). 
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Table 3.4: Amount of Hydrogen generated from photocatalytic water reduction using different g-C3N4 based heterojunctions under 

visible light irradiation. 

Catalyst Reaction Conditions Co-

catalyst 

loading 

Amount of Hydrogen 

per mol of C3N4 

Enhancement factor Ref. 

g-

C3N4/Sr2Nb2O7 

aqueous methanol (10 

% vol) solution 

2.5 wt. % 

Pt 

107 mmol/h  11 times than bulk g-C3N4 This work 

g-

C3N4/Sr2Nb2O7 

blend sample  

aqueous methanol (10 

% vol) solution 

2.5 wt. % 

Pt 

13.8 mmol/h  1.3 times than bulk g-C3N4 This work 

g-C3N4/TiO2 aqueous methanol 

(12.5 % vol) solution 

0.5 wt. % 

Pt 

14 mmol/h  2 times than bulk g-C3N4 
71

g-C3N4/In2O3 0.1 M L-ascorbic 

solution 

0.5 wt, % 

Pt 

20 mmol/h  5 times than bulk g-C3N4 
72
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3.3.3 Proposed mechanism for enhanced photocatalytic activity for CN/SNO 

heterojunction 

 The remarkable enhancement in photocatalytic water reduction using CN/SNO 

compared to CN can be explained on the basis of better charge carrier separation of 

photogenerated electron-hole pairs in the composite. In a heterojunction, the band-edge 

potentials play a crucial role in determining the migration pathway of the photogenerated 

charge carriers. Thus, the band positions of the two semiconductors, CN and SNO were 

experimentally determined to elucidate the possible origin of the observed exceptional 

enhancement of photocatalytic activity for the CN/SNO.  The conduction band (CB) 

position (ECB) and valence band (VB) position (EVB) (Table 3.1), were calculated 

empirically using equations (3.5) and (3.6):73–75   

 

ECB = X− 0.5 Eg + E0      (3.5) 

 

EVB = ECB + Eg                 (3.6)     

 

where Eg is the bandgap energy of the semiconductor, E0 is a scale factor relating the 

reference electrode’s redox level to the absolute vacuum scale (E0 = −4.5 eV for normal 

hydrogen electrode), and Х is the electronegativity of the semiconductor, which is 

determined as the geometric mean of the absolute electronegativity of the constituent 

atoms. ECB of SNO was determined to be -0.93 eV relative to a normal hydrogen 

electrode (NHE), and its EVB was determined to be +2.65 eV based on an Eg of 3.58 eV.  

The CB and VB edge potentials for CN were determined to be -1.10 and +1.65 eV, 
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respectively. These calculated values were confirmed experimentally by using VB X-ray 

photoelectron spectroscopy (VB-XPS). The VB positions for CN and SNO are located at 

+1.6 eV and +2.6 eV respectively (Figure 3.15), consistent with the calculated values. 

The VB XPS plot for CN is virtually the same as the one reported in the literature.76,77 In 

summary, the top of the VB for SNO is lower than that of CN, and the bottom of the CB 

for CN is higher than that of SNO. 

 

 

Figure 3.15: Valence band (VB) XPS spectra of CN and SNO 

 Under visible light irradiation, only CN is able to generate electron-hole pairs. 

The photogenerated electrons in the CB of CN can either recombine or be injected in the 

CB of SNO due to the lower position of the CB of SNO (Figure 3.16). Hence, CN acts as 

a sensitizer in the heterojunction. Electrons transferred from the CB of CN to the CB of 

SNO can be injected in the Pt co-catalyst and be involved in the electrochemical 

reduction of water to generate hydrogen. Simultaneously, the photogenerated holes in the 
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VB of CN are trapped by hole scavengers such as methanol, which can be oxidized to 

give different products such as CO and CO2 as shown in Figure 3.16.6,78 Thus, the 

formation of the heterojunction between CN and SNO reduces the recombination rate of 

electrons and holes leading to enhancement in the photocatalytic activity observed for 

CN/SNO. 

Figure 3.16: Schematic diagram of separation and transfer of photogenerated carriers in 

CN/SNO under visible light irradiation.

To test the validity of the above-mentioned mechanism, the lifetime of the 

photogenerated electron-hole pairs was qualitatively investigated using 

photoluminescence (PL) spectroscopy. In a PL experiment, electrons are excited from the 

VB to the CB (or sub-bands) at certain excitation wavelengths. These electrons 

recombine with the holes in the VB giving rise to the PL signal. High photoluminescence 

intensity indicate a high recombination rate of charge carriers.68,79–81 CN excited at 336 
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nm has an emission band maximum at ~470 nm.47,82 The emission intensity observed for 

CN/SNO is reduced by nearly 50%, which suggests that the heterojunction has a lower 

recombination rate of photogenerated electron-hole pairs (Figure 3.17). The observed 

shift in the PL emission spectrum can be explained by the nanostructure of CN deposited 

on SNO nanoplates.  Indeed, it was previously reported that in its bulk form, the emission 

peak of CN occurs at wavelengths between 460-and 475 nm; however, when CN is 

synthesized as nanosheets, the PL emission peak of CN occurs between 440 and 450 

nm.29,83,84 In the case of the CN/SNO, the deposited CN is much thinner than the CN in 

bulk form, which explains the observed blue shift of the emission peak. 

   

 

Figure 3.17: Photoluminescence (PL) spectra of CN, SNO, and CN/SNO at an excitation 

wavelength of 336 nm.  

 Time-resolved fluorescence emission spectra were collected for CN and CN/SNO 

to determine the photogenerated electron/hole pair lifetime in CN and CN/SNO (Figure 



81  

3.18). The fluorescence intensities for both CN and CN/SNO were best fitted using a tri-

exponential curve.29,85–87 The kinetic parameters for both materials are summarized in 

Table 3.5, where three radiative lifetimes and their relative amplitudes are reported.  The 

weighted average lifetimes (τavg)
86 were calculated to be 28.08 and 43.53 ns for CN and 

CN/SNO, respectively.  Clearly, the radiative lifetime of the charge carriers is much 

higher in CN/SNO, which presumably improves the probability of the charge carriers to 

be involved in surface electrochemical processes.  

 

Figure 3.18: Time-resolved fluorescence emission decay curves for g-C3N4 and 

CN/SNO.  The emission wavelength was set at 460 nm, with the excitation wavelength of 

336 nm.  Solid lines represent a tri-exponential decay for both samples. 

Table 3.5:  Kinetic parameters of the emission decay for g-C3N4 and CN/SNO.   

Sample A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τavg χ2 

g-C3N4 0.3976 1.387 0.4488 6.12 0.1536 40.23 28.08 1.272 

CN/SNO  0.2863 1.272 0.3903 7.831 0.3234 51.07 43.53 1.339 
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Figure 3.19: Electrochemical Impedance Spectra (EIS) of CN and CN/SNO. 

 Electrochemical impedance spectroscopy (EIS) was performed to confirm PL 

results. EIS measurements detect the charge transfer processes at solid photocatalyst 

loaded electrode and electrolyte such as (Fe(CN)6
3-/ Fe(CN)6

4-) interfaces. The radius of 

the arc on the EIS spectra (Nyquist circle) can be used to quantify and compare the 

impedance of the interface layer on the surface of the electrode. A smaller diameter 

implies lower resistance at the surface of the electrode.68,88–90 From Figure 3.19, it can be 

seen that the diameter of the Nyquist semicircle of CN/SNO is significantly smaller than 

that of pure CN.  

 

3.4 Conclusions 

 In summary, a visible-light-active CN/SNO heterojunction was synthesized by 

introducing carbon nitride (CN) over strontium pyroniobate (SNO). The incorporation of 
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CN in SNO not only extends the light absorption range of SNO to the visible but more 

importantly, dramatically enhances the photocatalytic activity of CN. The rate of 

hydrogen production from photocatalytic water reduction under visible light was found to 

be 11 times larger for CN/SNO compared to CN. The intimate interface between CN and 

SNO with suitable band positions promoted the charge transfer and inhibited the 

recombination rate of photogenerated electron−hole pairs, which is assumed to be the 

origin of the observed higher photocatalytic activity in CN/SNO. 
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Abstract  

 Different visible light active, g-C3N4/nitrogen doped Sr2Nb2O7 heterojunction 

photocatalysts were fabricated by introducing carbon nitride over nitrogen doped 

strontium niobate nanoparticles prepared by nitridation of solvothermally synthesized 

Sr2Nb2O7 nanorods at different temperatures. The photocatalytic performances were 

evaluated based on the amount of hydrogen generation from water reduction under 

visible light illumination and the results show that as-prepared heterojunction formed by 

g-C3N4 and N doped Sr2Nb2O7 at 700oC showed the best performance.  The enhanced 

activity of the heterojunction can be explained by an effective charge separation due tof 

intimate contact between the components as revealed by the microscopic study. The 

plausible mechanism for the observed enhanced photocatalytic activity  is proposed based 

on  band positions calculations, and photoluminescence data. 
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4.1 Introduction 

Semiconductor-based heterogeneous photocatalysis utilizing solar energy is 

considered to be a green and potentially efficient technology to address the environmental 

impacts of fossil fuels. The discovery of photoelectrochemical splitting of water using  n-

TiO2 anode in the early 1970s, led to the study of numerous semiconductors such as 

oxides, sulfides, and oxynitrides as potential photocatalysts for solar fuels generation and 

environmental remediation.1–6 However, most photocatalysts studied have wide band 

gaps, therefore are active only under UV irradiation. To maximize the use of solar 

radiation, the photo-response of the catalysts should be in the visible region of the 

electromagnetic spectrum, since visible light accounts for about half of the solar energy 

spectrum while UV light makes up approximately 4%. Therefore, developing new 

photocatalysts for water splitting with high activity and good stability under visible light 

is highly desirable but remains a big challenge.7–10  

In order to overcome the limitation of the majority of oxides that are only UV 

responsive, many methods have been developed to extend their light absorption range to 

the visible light region, such as doping with metal or non-metal ions, and surface 

modifications such as the formation of heterojunctions by combining with metals or other 

semiconductors. In general, cation doping creates acceptor states below the conduction 

band, while anion doping creates donor states above the valence band. The net result is a 

smaller band gap. Since the study of N-doped TiO2 by Asahi and co-workers in 20018, 

extensive studies have been carried out on visible light active semiconductors doped with 

non-metallic elements such as nitrogen, sulfur and carbon. Irie et al.11 discussed the effect 

of amount of nitrogen concentration on the photocatalytic activity of TiO2-xNx 
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microcrystalline powders prepared by annealing TiO2 anatase under ammonia flow. The 

strategy of non-metal ion (nitrogen and sulfur) doping was extended to oxides with a 

layered perovskite or pyrochlore structures. Several nitrogen doped perovskite and 

pyrochlores including NaTaO3, SrTiO3, Sr2Ta2O7, Ba5Ta4O15, CsTaWO6, Ca2Nb3O10, 

CsCa2Ta3O10 have been reported to possess wide visible light absorption.12–19  

To inhibit charge carriers recombination and maximize visible light absorption, 

several strategies are being pursued . One of the most common approaches is the use of 

secondary materials along with primary semiconductors to form heterojunctions.20–23 In 

general, it is believed that properly designed heterojunctions can also lead to separation 

of photogenerated electron-hole pairs, thus increasing the pairs’ lifetime so it can transfer 

to the surface to participate in redox processes.  A number of heterojunctions were 

fabricated and their photocatalytic performance were examined in a variety of 

applications including water splitting, CO2 reduction, and toxic organics degradation.24–27  

In the search of robust and stable visible light active photocatalysts,  graphitic 

carbon nitride (g-C3N4) with a narrow band-gap of about 2.7 eV was studied 

extensively.28,29 In comparison to metal based photocatalysts, g-C3N4 can be easily 

prepared by thermal polycondensation of nitrogen-rich organic precursors such as 

cyanamide, dicyandiamide, melamine, and urea.28,30–33 However,  photocatalytic 

efficiency of g-C3N4 is unsatisfactory due to high recombination of photogenerated 

electron-hole pairs, thus several g-C3N4 containing heterojunctions  have been 

successfully fabricated and found to display significantly higher photocatalytic activity 

under visible light irradiation.34–48  
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 In chapter 3, it is reported that the enhanced activity observed for the of the  g-

C3N4/Sr2Nb2O7 heterojunction was due to better separation of charge.49 The incorporation 

of g-C3N4 in Sr2Nb2O7 not only extends the light absorption range of Sr2Nb2O7 but more 

importantly, dramatically enhances the photocatalytic activity. The rate of photocatalytic 

hydrogen production from reduction of protons under visible light was found to be 11 

times larger for the g-C3N4/Sr2Nb2O7 heterojunction compared to g-C3N4. In this chapter, 

we have extended this approach to heterojunctions prepared by a combination of g-C3N4 

and nitrogen doped Sr2Nb2O7. Different nitrogen doped Sr2Nb2O7 samples were 

synthesized by nitridation solvothermally synthesized Sr2Nb2O7 at various temperatures. 

The heterojunctions along with individual components were characterized by different 

techniques: PXRD, FTIR, TGA/DSC, STEM, SEM-EDS, TEM, DRS, PL, EIS, and BET 

surface area. Their photocatalytic performance was evaluated under visible light 

irradiation using the photocatalytic reduction of water in the presence of methanol as 

sacrificial agent. It was found that the heterojunction CN/SNON-700 exhibits enhanced 

photocatalytic activity for generation of H2 from water reduction under visible light 

irradiation. A plausible mechanism for the observed enhanced photocatalytic activity for 

heterojunction is proposed based on observed activity and band position calculations.  

4.2 Experimental methods 

4.2.1 Material Synthesis 

 4.2.1.1 Synthesis of strontium pyroniobate (SNO) and nitrogen doped strontium 

pyroniobate (SNON-X) 

 Strontium pyroniobate (SNO) nanoplates were prepared using a novel 
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hydrothermal route with niobium chloride (NbCl5, Alfa Aesar, 99.9 %) and strontium 

nitrate (Sr(NO3)2, Sigma-Aldrich, 99.0 %) as reported in chapter 3.49 The obtained white 

powder was then nitridated by ammonolysis using dry NH3 (flow rate, 200 mL/min) for 2 

hours at 600 oC, 700 oC, 800 oC, and 950 oC in a tube furnace (heating and cooling rate 

maintained at 10 oC/min). The color of nitrated samples ranged from yellowish white to 

brown with increasing temperatures. The nitrated samples were labeled as SNON-X 

where X represents the temperature at which they were prepared (600, 700, 800, or 950).  

4.2.1.2 Synthesis of graphitic carbon nitride (CN) and g-CN/SNON-X  

 CN was prepared by thermal decomposition of melamine at 525 °C in a muffle 

furnace for 4 hours at a heating rate of 5 °C min−1. The g-C3N4/Nitried Sr2Nb2O7 

heterojunctions were prepared by simple dispersion, evaporation of solvent and baking at 

400 °C for 4 hours. In a typical method, 200 mg of CN suspension was prepared by 

sonication for 1 hour. Similarly, 200 mg of the SNON-X suspension was also prepared by 

dispersing it in 25 mL of methanol under sonication for 1 hour. The two solutions were 

then mixed and magnetically stirred for 5 hours at 50 °C. The solid product was filtered 

and dried, then thoroughly ground in an agate mortar. The powder obtained was calcined 

at 400 °C for 4 hours under Ar flow (100 mL/min).   

 

4.2.2 Characterizations 

 Powder X-ray diffraction (PXRD) measurements were carried out on a Bruker-D2 

Phaser diffractometer, with Cu-Kα radiation (=0.15418 nm) with an operating voltage 

of 30 kV and an operating current of 10 mA. The morphology and electron mapping 

analysis of the samples were analyzed by a scanning transmission electron microscope 
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(STEM, JEOL 2200-FS) with aberration corrected at 200 kV. Scanning electron 

microscopy (SEM) images were collected on a Zeiss Ultra60 FE-SEM with an operating 

voltage at 5.0 kV.  Energy-dispersive X-ray spectroscopy (EDS) with elemental mapping 

were completed on an Oxford Instruments X-MaxN at 10 .0 kV, and images were 

processed using the Aztec software package. Differential scanning calorimetry (DSC) 

and thermogravimetric analysis (TGA) were completed using an SDT-Q600 (TA 

instrument, USA) from 32-800 °C under constant airflow (100 mL/min) and a heating 

rate of 10 °C/min. X-ray photoelectron spectroscopy (XPS) was performed using Kratos 

Axis Ultra DLD X-ray Photoelectron Spectrometer. The samples were analyzed as 

powders mounted into small pieces of indium metal. The Brunauer-Emmett-Teller (BET) 

surface areas were determined from nitrogen adsorption isotherms at 77 K using 

Autosorb-iQ from Quantachrome. UV-Vis diffuse reflectance spectra (DRS) were 

collected on an Ocean Optics FLAME-S-XR1-ES spectrophotometer equipped with an 

integrating sphere. Fourier transform infrared spectra (FTIR) were recorded on Spectrum 

100 spectrometer (PerkinElmer). Photoluminescence (PL) and time-resolved fluorescence 

emission decay measurements of the as-prepared powder samples were collected on a 

Horiba JobinYvon Fluorolog Fluorimeter (Model No. FL-1057) using a 450 W Xe 

lamp/monochromator combination and a pulsed LED (Model NanoLED N-330), 

respectively, as the excitation sources. The excitation monochromator was set at 336 nm 

to match the pulsed LED’s output for all samples for both emission and lifetime 

measurements. The powder samples were compacted into the sample holder (Model No. 

1933) which was oriented at 60 degrees with respect to the excitation source to minimize 

scattering.  All measurements were performed at room temperature.  The emission signals 



97  

best fit tri-exponential decay kinetics rather than mono-, bi- or tetra-exponential kinetics. 

The average lifetime (τavg) was determined by the following equation: 

 

=  
∑

∑
      (4.1) 

 

where Ai and τi are the amplitudes (or weighting factors), and lifetimes, respectively. 

 Electrochemical impedance spectra (EIS) measurements were conducted with a 

Gamry 3000 electrochemical workstation.  Spectra were collected using the conventional 

three-electrode system consisting of a fluorine-doped tin oxide (FTO) glass as the 

working electrode, Ag/AgCl as the reference electrode, and platinum wire as the counter 

electrode.  The measurements were performed using a 5.0 mV AC voltage signal at 1 V 

vs Ag/AgCl between 100 kHz – 0.1 Hz in 0.5 M Na2SO4 solution.  The FTO working 

electrode was prepared by spin coating method by dripping the slurry of photocatalyst on 

FTO glass (dimensions: 1 cm × 1 cm) and drying in an oven at 60 °C. 

 

4.2.3 Photocatalytic evaluation 

 The photocatalytic performance was determined using  a Pyrex reaction vessel 

connected to a closed gas circulation system. A 300 W Xenon lamp (Newport 

Corporation) was used as the light source with a 420 nm cut-off filter to provide visible 

light irradiation only. All experiments were performed at ambient temperature (25 °C) 

using a water jacketed photocatalytic cell. In a typical photocatalytic reaction, 100 mg of 

the photocatalyst was dispersed in an aqueous solution of methanol (5 mL of methanol 

and 45 mL of deionized water). Before illumination, the suspension was degassed with 
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nitrogen gas for 30 min to remove any dissolved oxygen. Then, the solution was exposed 

to visible light irradiation (  420 nm) under magnetic stirring. The amount of hydrogen 

produced was quantified by gas chromatography (HP 6890 with TCD, argon carrier). For 

repeatability and stability tests of the catalysts, CN/SNO the suspension with the 

photocatalyst was degassed with nitrogen gas (for 30 min) at the end of each cycle.  In all 

cases, the Pt co-catalyst (2.5 % by weight) was photo-deposited on the catalyst particles 

using chloroplatinic acid hexahydrate (H2PtCl6 6H2O, Sigma-Aldrich) as the Pt source. 

In a typical reaction, 100 mg of catalyst and a calculated amount of chloroplatinic acid 

hexahydrate were introduced into a pyrex photocatalytic cell with 50 mL of aqueous 

solution containing 10 mL of methanol. The suspension was irradiated with UV light for 

4 hours with constant magnetic stirring. The gray colored Pt coated samples were 

recovered by centrifugation and dried in vacuum at 60 °C for 4 hours before subsequent 

use. The apparent quantum yield (AQY) was calculated according to the solar hydrogen 

production rate based on the following equation:  

 

AQY(%) = 
     × 

   
× 100  (4.2) 

The average intensity of irradiation (with band pass filter at   = 420 nm) was determined 

to be 0.45 W/cm2 with the irradiation area of 4.12 cm2. The numbers of incident photons 

(N) were calculated to be 2.80 x 1021 for one hour of irradiation. Similarly, the turnover 

number (TON) and turnover frequencies (TOF) were calculated using the following 

equations.  

 

TON = 
     

      
    TOF = 

  ( )
      (4.3) 
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4.3 Result and discussions 

4.3.1 Characterizations 

Powder X-ray diffraction (PXRD) patterns of Sr2Nb2O7 nitrided at different 

temperatures are shown in Figure 4.1a. The PXRD pattern for Sr2Nb2O7 obtained by 

solvothermal route is consistent with that for layered perovskite prepared from high-

temperature solid state reactions.50–52 The PXRD patterns of Sr2Nb2O7 nitrided at low 

temperature are similar to the parent oxide.  The PXRD pattern of Sr2Nb2O7nitrided at 

950 oC indicates formation of the oxynitride SrNbO2N with cubic symmetry (Figure 

4.1a), as previously reported by Guo et. al.53  The oxynitride SrNbO2N begins to form at 

700 oC, as indicated by the PXRD patterns (Figure 4.1a). Elemental analysis of different 

nitrided samples showed that the amount of nitrogen increases with increasing nitridation 

temperature (Table 4.1). The %N observed  in the oxynitride, SrNbO2N is found to be 

5.19%, much  less than  the calculated value (6.8%) which could be attributed to the 

presence of a minor amorphous or poorly crystalline side product. 53 
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Figure 4.1: (a) PXRD patterns of SNO, and different SNON-X (b) PXRD pattern of CN 

and heterojunctions based on CN and SNON-700 

 PXRD patterns of the SNON-700, CN and CN/SNON-700 are shown in Figure 

4.1b. The diffraction peaks at 13.0ᵒ and 27.3ᵒ for pure CN sample could be indexed as 

(100) and (002) diffraction planes (JCPDS 87-1526).29,54,55 The diffraction peaks of 

SNON-700   corresponds were similar to the orthorhombic phase of Sr2Nb2O7 (JCPDS 

70-9937) (space group, Cmc21)  as reported previously.49 Although the diffraction peaks 

of CN couldn’t be clearly observed in the PXRD of CN/SNON-700 heterojunction due to 

peak overlap, no other crystalline impurity phases were observed indicating that no 

chemical reaction occurs between CN and SNON-700. This is further supported by the 

Fourier transform infrared (FTIR) spectroscopy study of CN/SNO, which shows the 

presence of CN (Figure 4.2). The strong absorption bands observed in the 1200-1650 cm-

1 region are ascribed to the stretching modes of CN heterocycles. The strong band at ~804 

cm-1 is the characteristic stretching band of tris-triazine units present in CN structure.41,56  
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Figure 4.2: Fourier transform infrared (FTIR) spectra of CN, SNON-700, and 

CN/SNON-700 heterojunction samples. 

Diffuse reflectance UV-Vis spectra of all catalysts are shown in Figure 4.3a. 

Although the parent oxide, Sr2Nb2O7, possesses strong absorption in UV region ( ~ 350 

nm), all nitrided samples possess strong absorption in the visible region ( >420 nm). 

Optical band gap energy of the semiconductors studied was determined by fitting the 

absorption spectra with the following equation (4.4):57 

αh = A(h − Eg)n/2     (4.4) 

where α, h, , A and Eg are the absorption coefficient, Planck’s constant, light frequency, 

proportionality constant, and band gap energy, respectively; n corresponds to the 

electronic transition properties of the semiconductor (n = 1 for a direct band-gap 

transition and n = 4 for an indirect band gap transition). The values of n for Sr2Nb2O7 and 

all nitrated samples are set at 1.36,50,51,58,59 Similarly the value of n for CN is set at 4 
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assuming that there is an indirect band gap transition.36,59–63 Using the corresponding 

Tauc plots (Figure 4.3b), the band gaps of SNON-700 and CN were calculated to be 2.60 

eV and 2.75 eV, respectively.  

The band gaps of nitrated samples decrease with increasing nitrogen content and 

nitration temperatures and are consistent with the colors of the samples (Table 4.1). The 

band positions were calculated based on band gaps and VB positions obtained from VB-

XPS data for all nitrated samples (Figure 4.3c). The corresponding CB positions were 

calculated by using following equation (4.5).   

ECB = EVB - Eg  (4.5) 

As expected the CB position of all nitrided samples are similar to those of the 

parent oxide, indicating that nitridation does not affect the CB position. On the other 

hand, the VB position depends on the amount of nitrogen present, which may be 

explained by the fact that nitrogen states contribute mainly to the the VB. 

Surface area study indicates the the sample’s surface area  decreased with 

increasing nitridation temperatures as shown in Table 4.1. A similar trend in surface area 

was also observed for the heterojunctions (Table 4.2). 



103  

 

Figure 4.3: (a) UV-vis Diffuse reflectance spectroscopy for different samples; (b) 

corresponding Tauc plots for CN and SNON-700; (c) VB-XPS for all nitrated samples. 

Table 4.1: Physical properties of different SNON-X samples 

Sample 
SNON-X 

Band 
gap, 
eV 

Band Positions based 
on VB XPS, eV vs 
NHE 

Nitrogen 
content, 
wt. % 

Color  Surface 
area, 
m2/g 

VB CB 

SNO 3.58 +2.65 -0.93 0 white 64.7 

SNON-600 2.85 +1.93 -0.92 0.23 light yellow 25.1 

SNON-700 2.60 +1.70 -0.90 0.73 yellow 20.3 

SNON-800 2.20 +1.30 -0.90 1.72 green yellow 11.8 

SNON-950 2.00 +1.10 -0.90 5.19 brown 8.2 
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Table 4.2: Surface area of different heterojunction samples 

Sample Surface area (m2/g) 

CN/SNO 47.2 

CN/SNON-600 16.6 

CN/SNON-700 14.8 

CN/SNON-800 9.6 

CN/SNON-950 6.3 

The SEM images of different nitrided SNO samples are presented in Figure 4.4. It 

is clearly seen that the nanoplate morphology observed for the parent oxide, Sr2Nb2O7 is 

maintained in SNON-600 and SNON-700 samples.49 However, the nitrideed samples 

SNON-800 and SNON-950 contain larger particles without any nanoplate morphology. 

This may be due to heating of the parent oxide at a higher temperature during preparation 

of nitrided samples.  
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Figure 4.4: SEM images for (a) SNON-600, (b) SNON-700, (c) SNON-800, and (d) 

SNON-950. 

The microstructure and surface morphology of CN, SNON-700, and their heterojunction 

CN/SNON-700 were investigated using STEM (Figure 4.6). CN crystallizes as  fibrous 

material as shown in Figure 4.6a. SNON-700  possesses nanoplate like morphology 

similar to the parent oxide, Sr2Nb2O7. On the other hand, the CN/SNON-700 

heterojunction (Figure 4.6c) clearly show that the SNON-700 nanoplates are uniformly 

covered with CN particles, demonstrating that a tight heterojunction is present between 

the CN and SNON-700 particles. This conclusion is further supported by SEM-EDS 

elemental mapping of the CN/SNON-700 heterojunction (Figure 4.7). Similarly, EDS 

mapping of all heterojunctions  (Figure 4.5) indicates that SNON-X  are uniformly 

covered with CN particles.To clearly reveal the nanostructure of the heterojunction, high-

resolution STEM observations are carried out for the CN/SNON-700 heterojunction 

sample as shown in Figure 4.8. 
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Figure 4.5: SEM images and EDX mapping for CN/SNON-600 (A and B), CN/SNON-

700 (C and D), CN/SNON-800 (E and F), and CN/SNON-950 (G and H) 

 SEM images and EDX mappings of different heterojunctions are given in Figure 

4.5. It is clearly seen that during the heterojunction formation, SNON-X particles were 
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uniformly coated with g-C3N4 particles. 

Figure 4.6: STEM images for (a) CN, (b) SNON-700, (c) CN/SNON-700 

Figure 4.7: CN/SNON-700 heterojunction; (a) SEM and (b, c, d, and e) EDX mapping 

for different elements as shown. 
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Figure 4.8: High-resolution STEM images for CN/SNON-700 heterojunctions at 

different magnifications 

 

  

Figure 4.9: (a) XPS survey scan for CN, SNON-700, and CN/SNON-700. High 

resolution XPS spectra of (b) C 1s, (c) N 1s, (d)Sr 3d, (e) Nb 3d, and (f) O 1s for CN 

SNON-700 and CN/SNON-700 

 X-ray photoelectron spectroscopy (XPS) was used (Figure 4.9a) to further 
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confirm the chemical state and chemical composition of the  CN/SNON-700 

heterojunction,  Survey XPS spectra for CN, SNON-700, and the CN/SNON-700 

heterojunction indicate the presence  of C, N, Sr, Nb, and O in the CN/SNON-700 

heterojunction. The binding energy values for different elements in CN, SNON-700, and 

CN/SNON-700 heterojunction are summarized in Table 4.3. 

Table 4.3: Binding energy values for C 1s, N 1s, Sr 3d, Nb 3d and O 1s in CN, SNON-

700, and CN/SNON-700 samples. 

Sample 

Binding Energy Values, eV 

C 1s N 1s Sr 3d Nb 3d O 1s 

CN 

284.6 

288.1 

398.4 

400.8 

404.0 

--- --- --- 

SNON-700 --- 398.5 

132.9, 

134.6 

206.9 

209.7 529.7 

CN/SNON-700 

284.3 

287.7 

398.2 

400.6 

--- 

132.3, 

133.8 

206.1 

208.9 528.9 

The high-resolution XPS spectrum of C 1s (Figure 4.9b) in CN displays two 

major peaks at 284.3 and 288.1 eV, which can be attributed to sp2 hybridized carbon from 

aromatic rings and sp2 hybridized carbon in the N-C=N group, respectively.27,41,59,64,65 

Similarly, three N 1s peaks (at 398.4 eV, 400.8 eV, and 404.2 eV) are observed for CN 
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(Figure 4.9c). The small peak observed at 395.6 eV corresponds to the nitrogen present as 

nitride in the SNON-700 sample. The C 1s and N 1s peaks in CN/SNON-700 

heterojunction are found at lower binding energy values than that of pristine CN, 

supporting the fact that CN is intimately hybridized with SNON-700 upon heterojunction 

fabrication.27,41,66,67 A similar conclusion can be made by comparing the corresponding 

binding energy values of Sr 3d, Nb 3d and O 1s in SNON-700 and CN/SNON-700 

heterojunction samples (Figure 4.9d, e, and f) 

 

4.3.2 Photocatalytic activities and proposed mechanism 

 The photocatalytic performances of all samples were examined for water 

reduction under visible light irradiation (  420 nm) in the presence of CH3OH (10 vol. 

%) as a hole scavenger and 2.5 wt.% of Pt co-catalyst (unless otherwise mentioned).  

 

Figure 4.10: (a) Visible light-induced hydrogen evolution rates for different 

photocatalysts. (b) Amounts of hydrogen generated from water reduction in the presence 

of CN, SNON-700, CN/SNON-700 heterojunction, and blend samples. Conditions: 100 

mg catalyst, 50 mL 10 vol% methanol aqueous solution, 300 W Xe lamp with filter for 

visible light irradiation (420 nm). 
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As shown in Figure 4.10a, all   heterojunctions exhibit higher activity compared 

to CN.  SNO itself does not show any activity under visible light due to its large band 

gap. For the nitrided SNO-X obtained at different temperatures, hydrogen evolution rates 

are rather low; which seems to indicate that although the nitrided Sr2Nb2O7 can absorb 

visible light, the photogenerated electrons and holes have a high rate of recombination 

likely due to presence of high surface defects. Hydrogen evolution rate for CN prepared 

in this study is also low. The heterojunctions, all exhibited higher photocatalytic activity 

than their individual components. The CN/SNON-700 heterojunction sample exhibited 

the best activity, with hydrogen evolution rate of 70 µmol/h, significantly higher than that 

of other heterojunctions. Figure 4.10b shows the amount of hydrogen produced under 

visible light irradiation of SNON-700, CN, and CN/SNON-700. The Hydrogen evolution 

rate for SNON-700 was found to be 15.6 µmol/h compared to 9.8 µmol/h for CN and 70 

µmol/h for the CN/SNO-700 heterojunction. Hydrogen evolution rate observed for a 

blend sample, prepared by physically mixing CN and SNON-700, was found to be 3.6 

µmol/h, close to that observed for CN.  This finding confirms that a tight junction 

between the two components plays an important role in improving the photocatalytic 

activity under visible light irradiation. 

 Hydrogen production using CN/SNON-700 heterojunction irradiated by visible 

light was found to be 128.8 mmol/h/mole of CN, which is  14x times larger than the 

amount of hydrogen generated from one mole of pristine CN under the same conditions. 

The enhancement factor associated with visible light activity was a little bit larger than 

that of our previously reported  g-C3N4/Sr2Nb2O7 heterojunction.49 This is likely due to 

the synergistic effects between expansion of the absorption region of the oxide, and better 
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charge separation due to formation of the heterojunction. The apparent quantum yields 

(AQY) determined using 100 mg of sample irradiated for one hour by visible light ( = 

420 nm), were found to be 0.38% for CN and 3% for the CN/SNON-700 heterojunction. . 

The turnover number (TON) for CN/SNON-700 reached 1.9 in 15 hours with a turnover 

frequency (TOF) of 0.12. TON and TOF were determined using the amount of hydrogen 

generated after 15 hours of visible light irradiation which was found to be 1033.8 µmol 

for 100 mg of CN/SNON-700. Details of the formulae used to calculate AQY, TON and 

TOF are provided in the experimental section. 
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Figure 4.11: Recyclability test for the CN/SNON-700 heterojunction: (a) photocatalytic 

hydrogen generation after a different number of cycles; (b) PXRD patterns of CN/SNON-

700 heterojunction photocatalyst before and after the photocatalytic test.  

 To investigate the photocatalytic recyclability and stability of the CN/SNON-700 

heterojunction, three photocatalytic water reductions were performed during 15 hours. 

Aqueous solution containing the photocatalyst was degassed after each run by bubbling 

argon gas through the solution as described in the experimental section. The amounts of 
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hydrogen produced in the third 5-hour cycle were found to be 340 µmol, which is similar 

to the amount produced from the first 5-hour cycle (348.2 µmol). Hence, the rate of 

photocatalytic hydrogen production of the CN/SNON-700 sample was virtually 

unchanged after three cycles over a period of 15 hours as shown in Figure 4.11a, 

indicating that the photocatalyst is stable under visible light irradiation. PXRD patterns of 

CN/SNON-700 before and after photocatalytic reactions are virtually the same (Figure 

4.11b), indicating that the heterojunction is chemically and photochemically stable. 

The improved activity of the CN/SNON heterojunction over CN can be explained 

on the basis of an efficient charge separation of photogenerated electron/hole pairs in the 

heterojunction. To elucidate the mechanism of the enhanced photocatalytic activity of the 

CN/SNON heterojunction, the relative band positions of the two semiconductors were 

determined since the band-edge potential levels play a crucial role in determining the 

migration pathway of the photogenerated charge carriers in a heterojunction. As shown in 

Table 4.1, the CB and VB positions for SNON-700 are located at -0.90 eV and +1.70 eV 

respectively. Similarly, the CB and VB edge potentials for CN were determined to be -

1.10 and +1.65 eV, respectively.49 Under visible light irradiation, both components of the 

CN/SNON-700 heterojunction are able to generate electron-hole pairs. The 

photogenerated electrons in the CB of CN can be transferred to the CB of SNON-700. 

The electrons transferred to the CB of SNON-700 can migrate to the surface of the 

heterojunction particles where they can be used to generate hydrogen through water 

reduction (Figure 4.12). At the same time, photogenerated holes in the VB of SNON-700 

can be transferred to the VB of CN, and can migrate to the surface to oxidize hole 

scavengers such as methanol. Thus, the formation of the heterojunction between CN and 
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SNON-700 dramatically reduces the recombination rate of electrons and holes leading to 

the observed enhancement in photocatalytic activity. 

 

 

Figure 4.12: Schematic diagram of separation and transfer of photogenerated carriers in 

the CN/SNON-700 heterojunction under visible light irradiation. 

 To support the above-mentioned mechanism, the lifetime of the photogenerated 

electron-hole pairs was investigated using photoluminescence (PL) experiments.66,68–70 

As shown in Figure 4.13a, the intensity of the PL emission (centered at 460 nm) 

decreases in the following order CN > CN/SNON-950 > CN/SNON-800 > CN/SNON-

600 > CN/SNON-700.  This suggests that the heterojunction made with CN and SNON-

700 has lower recombination rate, consistent with the observed higher photocatalytic 

activity.  To determine the lifetime of the photogenerated electron-hole pairs for CN and 

CN/SNON-X heterojunctions, time-resolved fluorescence emission spectra shown in 

Figure 4.13b were collected. The fluorescence intensities were best fitted using a tri-

exponential curve.32,71–73 The kinetic parameters for both materials are summarized in 



115 

Table 4.4, where three radiative lifetimes and their relative amplitudes are reported. 

The weighted average lifetimes (τavg) were given in Figure 4.13c, which clearly 

showed that the radiative lifetime of the charge carriers is much higher for CN. The 

average lifetimes for CN/SNON-700 and CN/SNON-600 are relatively lower than that of 

other samples. The lower lifetime of electrons in those samples suggest that the 

photoexcited electrons from the CB of CN undergo rapid transfer to CB of SNON-700 or 

SNON-600, which presumably improves the separation of the charge carriers in CN. This 

evidence of fast electron injection confirms that the formation of the heterojunction 

promotes charge transfer efficiency, which accounts for the observed enhanced hydrogen 

production.74,75 
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Table 4.4: Kinetic parameters of the emission decay for different catalysts. 

Samples A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τavg χ2 

CN 0.3035 2.3611 0.4576 9.9411 0.2389 69.4244 54.8417 1.3478 

CN/SNON-600 0.5149 0.8659 0.36 5.0136 0.1251 43.982 32.4305 1.5524 

CN/SNON-700 0.4913 0.8775 0.3828 5.009 0.1259 43.3626 31.5979 1.5248 

CN/SNON-800 0.4419 1.0724 0.3916 6.0869 0.1666 49.6178 38.2218 1.5968 

CN/SNON-950 0.3127 1.9814 0.44 9.3595 0.2474 68.1916 55.0808 1.4039 



117  

 In addition to PL study,  electrochemical impedance spectra (EIS) were recorded.  

 

Figure 4.13: (a) Photoluminescence (PL) spectra of CN and different heterojunctions at 

an excitation wavelength of 336 nm; (b) Time-resolved fluorescence emission decay 

curves for g-C3N4 and different heterojunctions. The emission wavelength was set at 460 

nm, with the excitation wavelength of 336 nm; (c) Weighted average lifetimes (τavg) for 

different samples; (d) Electrochemical Impedance Spectra (EIS) of different 

photocatalysts. 

 As shown in Figure 4.13d, the arc radius is found to be  in the order of 

CN/SNON-700 <CN/SNON-600 <CN/SNON-800 < SNON-700< CN < CN/SNON-950. 

The smaller arc radius for the CN/SNON-700 heterojunction indicates smaller impedance 

of the charge carriers at the interface between the semiconductor and the electrolyte.66,76–

78 This further demonstrates that combination of  CN into SNON-700 leads to better  
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separation and transfer efficiency of photogenerated electron and holes, which leads to 

better photocatalytic activity.  

4.4 Conclusions 

In summary, different visible light active CN/SNON-X heterojunctions were 

fabricated by combining carbon nitride (CN) and nitrided strontium pyroniobate (SNON-

X) using a simple dispersion method. The photocatalytic activity indicates that the 

heterojunctions exhibit higher efficiency than their individual components under visible 

light irradiation. The optimum activity was found for the CN/SNON-700 sample, where 

the rate of photocatalytic hydrogen production under visible light was found to be 14 

times larger for CN/SNON-700 heterojunction compared to mole of CN. The intimate 

interface between CN and SNON-700 with suitable band positions promotes charge 

transfer and inhibits recombination of photogenerated electron−hole pairs, which 

accounts for the observed higher photocatalytic activity. 

References 

1 A. Fujishima and K. Honda, Nature, 1972, 238, 37–38.

2 M. Ahmed and G. Xinxin, Inorg Chem Front, 2016, 3, 578–590.

3 O. A. Ibhadon and P. Fitzpatrick, Catalysts, 2013, 3.

4 W. Jiao, L. Wang, G. Liu, G. Q. (Max) Lu and H.-M. Cheng, ACS Catal., 2012, 2,

1854–1859. 

5 A. Kumar, A. S. Patel and T. Mohanty, J. Phys. Chem. C, 2012, 116, 20404–20408.

6 A. Mills and S. Le Hunte, J. Photochem. Photobiol. Chem., 1997, 108, 1–35.



119  

7 M. Ni, M. K. H. Leung, D. Y. C. Leung and K. Sumathy, Renew. Sustain. Energy 

Rev., 2007, 11, 401–425. 

8 R. Asahi, T. Morikawa, T. Ohwaki, K. Aoki and Y. Taga, Science, 2001, 293, 269–

271. 

9 P. Kanhere and Z. Chen, Molecules, 2014, 19, 19995–20022. 

10 C.-H. Liao, C.-W. Huang and J. C. S. Wu, Catalysts, 2012, 2, 490–516. 

11 H. Irie, Y. Watanabe and K. Hashimoto, J. Phys. Chem. B, 2003, 107, 5483–5486. 

12 Y. Matsumoto, M. Koinuma, Y. Iwanaga, T. Sato and S. Ida, J. Am. Chem. Soc., 

2009, 131, 6644–6645. 

13 A. Mukherji, R. Marschall, A. Tanksale, C. Sun, S. C. Smith, G. Q. Lu and L. Wang, 

Adv. Funct. Mater., 2011, 21, 126–132. 

14 A. Mukherji, B. Seger, G. Q. (Max) Lu and L. Wang, ACS Nano, 2011, 5, 3483–

3492. 

15 A. Mukherji, C. Sun, S. C. Smith, G. Q. Lu and L. Wang, J. Phys. Chem. C, 2011, 

115, 15674–15678. 

16 X. Wang, G. Liu, Z.-G. Chen, F. Li, G. Q. Lu and H.-M. Cheng, Chem. Lett., 2009, 

38, 214–215. 

17 J. Xu, Y. Wei, Y. Huang, J. Wang, X. Zheng, Z. Sun, L. Fan and J. Wu, Ceram. Int., 

2014, 40, 10583–10591. 

18 X. Zong, C. Sun, Z. Chen, A. Mukherji, H. Wu, J. Zou, S. C. Smith, G. Q. Lu and L. 

Wang, Chem Commun, 2011, 47, 6293–6295. 

19 F. Zou, Z. Jiang, X. Qin, Y. Zhao, L. Jiang, J. Zhi, T. Xiao and P. P. Edwards, Chem 

Commun, 2012, 48, 8514–8516. 



120  

20 R. Marschall, Adv. Funct. Mater., 2014, 24, 2421–2440. 

21 H. Wang, L. Zhang, Z. Chen, J. Hu, S. Li, Z. Wang, J. Liu and X. Wang, Chem Soc 

Rev, 2014, 43, 5234–5244. 

22 S. J. A. Moniz, S. A. Shevlin, D. J. Martin, Z.-X. Guo and J. Tang, Energy Env. Sci, 

2015, 8, 731–759. 

23 Pankaj Chowdhury, Hassan Gomaa and Ajay K. Ray, in Sustainable Nanotechnology 

and the Environment: Advances and Achievements, American Chemical Society, 

2013, vol. 1124, pp. 231–266. 

24 S. P. Adhikari, H. Dean, Z. D. Hood, R. Peng, K. L. More, I. Ivanov, Z. Wu and A. 

Lachgar, RSC Adv, 2015, 5, 91094–91102. 

25 S. P. Adhikari, Z. D. Hood, K. L. More, I. Ivanov, L. Zhang, M. Gross and A. 

Lachgar, RSC Adv, 2015, 5, 54998–55005. 

26 S. P. Adhikari, L. Zhang, M. Gross and A. Lachgar, MRS Online Proc. Libr., 2015, 

1738, null-null. 

27 H. Shi, G. Chen, C. Zhang and Z. Zou, ACS Catal., 2014, 4, 3637–3643. 

28 S. Cao and J. Yu, J. Phys. Chem. Lett., 2014, 5, 2101–2107. 

29 X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin, J. M. Carlsson, K. Domen 

and M. Antonietti, Nat Mater, 2009, 8, 76–80. 

30 D. J. Martin, K. Qiu, S. A. Shevlin, A. D. Handoko, X. Chen, Z. Guo and J. Tang, 

Angew. Chem., 2014, 126, 9394–9399. 

31 S. C. Yan, Z. S. Li and Z. G. Zou, Langmuir, 2009, 25, 10397–10401. 

32 Y. Zhang, Q. Pan, G. Chai, M. Liang, G. Dong, Q. Zhang and J. Qiu, Sci. Rep., 2013, 

3, 1943. 



121 

33 S. Martha, A. Nashim and K. M. Parida, J Mater Chem A, 2013, 1, 7816–7824. 

34 S.-W. Cao, X.-F. Liu, Y.-P. Yuan, Z.-Y. Zhang, Y.-S. Liao, J. Fang, S. C. J. Loo, T. 

C. Sum and C. Xue, Appl. Catal. B Environ., 2014, 147, 940–946.

35 L.-Y. Chen and W.-D. Zhang, Appl. Surf. Sci., 2014, 301, 428–435. 

36 S. Chengjie, F. Mingshan, H. Bo, C. Tianjun, W. Liping and S. Weidong, 

CrystEngComm, 2015, 17, 4575–4583. 

37 Y. Cui, Chin. J. Catal., 2015, 36, 372–379. 

38 F. Dong, Z. Zhao, T. Xiong, Z. Ni, W. Zhang, Y. Sun and W.-K. Ho, ACS Appl. 

Mater. Interfaces, 2013, 5, 11392–11401. 

39 J. Fu, B. Chang, Y. Tian, F. Xi and X. Dong, J Mater Chem A, 2013, 1, 3083–3090. 

40 L. Ge, C. Han and J. Liu, Appl. Catal. B Environ., 2011, 108–109, 100–107. 

41 C. Han, Y. Wang, Y. Lei, B. Wang, N. Wu, Q. Shi and Q. Li, Nano Res., 2015, 8, 

1199–1209. 

42 H. W. Kang, S. N. Lim, D. Song and S. B. Park, Int. J. Hydrog. Energy, 2012, 37, 

11602–11610. 

43 W. Liu, M. Wang, C. Xu and S. Chen, Chem. Eng. J., 2012, 209, 386–393. 

44 C. Miranda, H. Mansilla, J. Yáñez, S. Obregón and G. Colón, J. Photochem. 

Photobiol. Chem., 2013, 253, 16–21. 

45 C. Pan, J. Xu, Y. Wang, D. Li and Y. Zhu, Adv. Funct. Mater., 2012, 22, 1518–1524. 

46 J.-X. Sun, Y.-P. Yuan, L.-G. Qiu, X. Jiang, A.-J. Xie, Y.-H. Shen and J.-F. Zhu, 

Dalton Trans, 2012, 41, 6756–6763. 

47 X. Wang, L. Zhang, H. Lin, Q. Nong, Y. Wu, T. Wu and Y. He, RSC Adv, 2014, 4, 

40029–40035. 



122  

48 Z. Zhang, K. Liu, Z. Feng, Y. Bao and B. Dong, Sci. Rep., 2016, 6, 19221. 

49 S. P. Adhikari, Z. D. Hood, K. L. More, V. W. Chen and A. Lachgar, ChemSusChem, 

2016, 9, 1869–1879. 

50 A. Kudo, H. Kato and S. Nakagawa, J. Phys. Chem. B, 2000, 104, 571–575. 

51 V. V. Atuchin, J.-C. Grivel, A. S. Korotkov and Z. Zhang, J. Solid State Chem., 

2008, 181, 1285–1291. 

52 S. M. Ji, P. H. Borse, H. G. Kim, D. W. Hwang, J. S. Jang, S. W. Bae and J. S. Lee, 

Phys. Chem. Chem. Phys. PCCP, 2005, 7, 1315–1321. 

53 J. Guo, H. Zhou, S. Ouyang, T. Kako and J. Ye, Nanoscale, 2014, 6, 7303–7311. 

54 Y. Wang, X. Wang and M. Antonietti, Angew. Chem. Int. Ed., 2012, 51, 68–89. 

55 H. Yan, Chem Commun, 2012, 48, 3430–3432. 

56 J. Yu, S. Wang, J. Low and W. Xiao, Phys Chem Chem Phys, 2013, 15, 16883–

16890. 

57 A. B. Murphy, Sol. Energy Mater. Sol. Cells, 2007, 91, 1326–1337. 

58 H. Li, Y. Liu, X. Gao, C. Fu and X. Wang, ChemSusChem, 2015, 8, 1189–1196. 

59 M. Tahir, C. Cao, N. Mahmood, F. K. Butt, A. Mahmood, F. Idrees, S. Hussain, M. 

Tanveer, Z. Ali and I. Aslam, ACS Appl. Mater. Interfaces, 2014, 6, 1258–1265. 

60 K. Shimizu, Y. Tsuji, T. Hatamachi, K. Toda, T. Kodama, M. Sato and Y. Kitayama, 

Phys Chem Chem Phys, 2004, 6, 1064–1069. 

61 K. Shimizu, Y. Tsuji, M. Kawakami, K. Toda, T. Kodama, M. Sato and Y. Kitayama, 

Chem. Lett., 2002, 31, 1158–1159. 

62 S. Liang, L. Shen, J. Zhu, Y. Zhang, X. Wang, Z. Li, L. Wu and X. Fu, RSC Adv, 

2011, 1, 458–467. 



123 

63 X. Xin, J. Lang, T. Wang, Y. Su, Y. Zhao and X. Wang, Appl. Catal. B Environ., 

2016, 181, 197–209. 

64 Y. Cui, Z. Ding, X. Fu and X. Wang, Angew. Chem. Int. Ed., 2012, 51, 11814–11818. 

65 S. Wang, C. Li, T. Wang, P. Zhang, A. Li and J. Gong, J Mater Chem A, 2014, 2, 

2885–2890. 

66 L. Huang, H. Xu, Y. Li, H. Li, X. Cheng, J. Xia, Y. Xu and G. Cai, Dalton Trans, 

2013, 42, 8606–8616. 

67 T. Yan, Q. Yan, X. Wang, H. Liu, M. Li, S. Lu, W. Xu and M. Sun, Dalton Trans, 

2015, 44, 1601–1611. 

68 J. Tang, Z. Zou and J. Ye, J. Phys. Chem. B, 2003, 107, 14265–14269. 

69 Y. Du, L. Zhao and Y. Zhang, J. Hazard. Mater., 2014, 267, 55–61. 

70 M. T. Mayer, C. Du and D. Wang, J. Am. Chem. Soc., 2012, 134, 12406–12409. 

71 P. Niu, L. Zhang, G. Liu and H.-M. Cheng, Adv. Funct. Mater., 2012, 22, 4763–

4770. 

72 J. Chen, S. Shen, P. Wu and L. Guo, Green Chem, 2015, 17, 509–517. 

73 S. Nayak, L. Mohapatra and K. Parida, J Mater Chem A, 2015, 3, 18622–18635. 

74 Z. Sun, H. Zheng, J. Li and P. Du, Energy Env. Sci, 2015, 8, 2668–2676. 

75 S.-W. Cao, X.-F. Liu, Y.-P. Yuan, Z.-Y. Zhang, Y.-S. Liao, J. Fang, S. C. J. Loo, T. 

C. Sum and C. Xue, Appl. Catal. B Environ., 2014, 147, 940–946.

76 H. Huang, L. Liu, Y. Zhang and N. Tian, RSC Adv, 2015, 5, 1161–1167. 

77 Z. Hosseini, N. Taghavinia, N. Sharifi, M. Chavoshi and M. Rahman, J. Phys. Chem. 

C, 2008, 112, 18686–18689. 

78 X. Bai, L. Wang and Y. Zhu, ACS Catal., 2012, 2, 2769–2778. 



124 

CHAPTER 5 HETEROJUNCTION MADE BY GRAPHITIC CARBON 

NITRIDE AND METASTABLE OXIDE 

Shiba P. Adhikari[a,b], Zachary D. Hood[c.d], Hui Wang[c,e], Rui Peng[c], Alex Krall[a], Hui 

Li[a], Vincent W. Chen[d], Karren L. More[c], Zili Wu[c], Scott Geyer[a], and Abdou 

Lachgar[a,b] 

[a]Department of Chemistry, Wake Forest University, Winston-Salem, NC, 27109

[b]Center for Energy, Environment and Sustainability (CEES), Wake Forest University,

Winston-Salem, NC, 27109 

[c]Center for Nanophase Materials Sciences, Oak Ridge National Laboratory, Oak Ridge,

TN, 37831, USA 

[d]School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, GA,

30332, USA 

[e]Department of Mechanical Engineering, Conn Center for Renewable Energy Research,

University of Louisville, KY. 40292, USA 

The manuscript based on the work contained in this chapter was published in Applied 

Catalysis B: environmental in 2017. Zach Hood, Hui Wang, Rui Peng, Zili Wu, and 

Karren More have helped to do microscopy analysis. Vicent Chen has helped in TRPL 

study. Hui Li and Scott Geyer have helped in EIS study. Alex Krall helped to perform the 

photocatalytic study. The research described herein was performed and written by Shiba 

Adhikari and edited by Abdou Lachgar unless otherwise stated.  



125  

Abstract 

 A new g-C3N4/SrTa2O6 heterojunction photocatalyst was designed and prepared 

by chimie douce (soft chemistry) method where carbon nitride (g-C3N4) was deposited 

over the metastable perovskite phase of SrTa2O6. The morphological study of the 

heterojunction using SEM and STEM revealed that g-C3N4 nanofibers are dispersed 

uniformly on the surface of SrTa2O6 plates leading to the intimate contact between them. 

The heterojunction could achieve a high and stable visible light photocatalytic 

H2 generation of 137 mmol/h/mole of g-C3N4, which is much larger than the amount of 

hydrogen generated by one mole of pristine g-C3N4. A plausible mechanism for the 

observed enhanced photocatalytic activity for the heterojunction is proposed on the basis 

of effective charge separation of photogenerated electron-hole pairs, supported by band 

position calculations and photophysical properties of g-C3N4 and SrTa2O6.  
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5.1 Introduction 

 Semiconductor-based heterogeneous photocatalysis is considered as one of the 

most important green technologies capable of converting solar energy into chemically 

stored energy. The discovery of photoelectrochemical splitting of water by n-

TiO2 electrodes in the 1970’s led to the study and development of numerous 

semiconductor-based photocatalysts including oxides, sulfides, and oxynitrides for solar 

fuels generation and environmental remediation.1–4 However, most of these 

photocatalysts require ultraviolet (UV) light to generate electron-hole pairs, necessary for 

electrochemical processes at the surface of the semiconductors. An optimal photocatalyst 

should be: (i) active under visible light to maximize the use of solar spectrum, which 

consists of ~4% UV, ~45 % visible, and ~50 % Infrared light, (ii) chemically stable and 

photostable, and (iii) readily available and inexpensive.5,6 In addition, for a photocatalyst 

to be active efficiently towards specific electrochemical processes, the position of its 

valence band (VB) and conduction band (CB) should be appropriately located.7,8 For 

instance, for the photo-reduction of water to produce hydrogen, the bottom of the CB 

must be located at energy levels lower than 0 eV (i.e. H+/H2 energy level in NHE scale). 

 Band gap engineering is a common approach to extend the absorption range of 

UV active materials towards the visible light region.9,10 Besides doping with an anion, 

and/or a cation, great efforts have been made to design semiconductor heterojunctions by 

coupling a UV-active semiconductor with a second material (either a dye or another 

semiconductor).11–13 In addition to the extension of the light absorption range towards the 

visible light region, properly designed heterojunctions can also lead to separation of 

photogenerated charge carriers, thus increasing their lifetime and allow them to 
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participate in surface electrochemical processes.14,15 

Layered perovskites possess a wide variety of properties, such as chemical 

intercalation, ionic exchange, electron transport and excellent catalytic activities.16,17 

They consist of two-dimensional perovskite slabs interleaved with cations or cationic 

structural units.18 A number of layered perovskites were investigated for their 

photocatalytic properties due to the possibility of modulating their physical properties by 

modifying their chemical composition and their structure by means of ion-exchange, 

intercalation, or pillaring. Among different types of layered perovskite, Ruddlesden-

Popper (RP) phases consist of two-dimensional anionic perovskite slabs held together by 

cations.19 A2SrTa2O7 (A=H, Li, K, and Rb)-type tantalates are new members of the RP-

type layered perovskite composed of {SrTa2O7}
2-

∞ perovskite sheets held together by Li+, 

K+, Rb+, or H3O
+ 20–22. The layered acid phase converts to metastable three-dimensional 

cubic perovskite SrTa2O6 that can be isolated only through the chimie douce synthesis 

method. 

The recent discovery of graphitic carbon nitride (g-C3N4) as a visible-light active 

photocatalyst has attracted tremendous attention in the last few years due to its layered 

structure, and its high chemical stability in aqueous solutions over a broad pH range 23. 

Its relatively small band gap (~ 2.7 eV) makes it promising for large-scale photocatalytic 

applications.24 Nevertheless, g-C3N4 suffers from shortcomings such as rapid 

recombination of photogenerated electron–hole pairs and a relatively small surface 

area.25,26 To overcome these drawbacks, several strategies, including elemental dopings 

with sulfur or phosphorus27,28, engineering mesoporous structure29,30, and coupling with 

other semiconductors to form heterojunctions, were used. In the context of heterojunction 
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formation, the two-dimensional layered structure of g-C3N4 similar to graphene is 

amenable to hybridization with other components to form different heterojunctions. 

Several g-C3N4-based heterojunctions have been synthesized and displayed significantly 

higher photocatalytic activity under visible light irradiation.31 

Table 5.1: Crystal structure representation and parameters of the different photocatalysts 

in the present study.  

Compounds Crystal structure representation Crystal structure 

parameters 

 

KSTO  

 

I4/mmm 

a= 3.976(2) Å, 

c= 21.711(5)Å 

 

HSTO 

 

P4/mmm  

a=3.869(9) Å, 

c=9.652(4) Å 

 

STO 

 

Pm 3 m 

a=3.943(2) Å 

 

 

CN 

 

P6 

a=6.508(7) Å, 

c=6.695(2) Å 
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 The synthesis, characterization, and photocatalytic activity of g-C3N4/Sr2Nb2O7 

heterojunction is reported in chapter 3.32 The incorporation of g-C3N4 in Sr2Nb2O7 not 

only extends the light absorption range of Sr2Nb2O7 but more importantly, dramatically 

enhances the photocatalytic activity of g-C3N4. In chapter 3, it was also explained how 

the proper selection of materials and proper synthetic techniques to chemically form 

genuine and stable heterojunctions can lead to remarkably enhanced photocatalytic 

activity. Here, we report results of a study in which we extended our scope to in situ 

synthesis of a heterojunction in which one component is a metastable oxide. Thermal 

condensation of melamine in the presence of H2SrTa2O7 led to the formation of a g-

C3N4/SrTa2O6 (CN/STO) heterojunction. Metastable oxide (SrTa2O6) was formed during 

dehydration/condensation of H2SrTa2O7. Thus, a CN/STO heterojunction was 

synthesized in situ at relatively low temperatures using the so-called “chimie douce” 

method, previously applied to the synthesis of metastable oxides33. In addition to the 

photocatalytic study of the CN/STO heterojunction, we also performed a comprehensive 

study of K2SrTa2O7 (KSTO), its proton exchanged form, H2SrTa2O7 (HSTO), and the 

metastable perovskite, SrTa2O6 (STO). The crystal structure representation along with 

refined unit cell parameters of KSTO, HSTO, STO, and CN are presented in Table 5.1. 

The photocatalysts studied were characterized by a variety of techniques, and their 

photocatalytic performances in the reduction of water under visible and UV light 

irradiation were evaluated. The CN/STO heterojunction was found to exhibit remarkably 

enhanced photocatalytic generation of H2 under visible light irradiation.  

  



130 

5.2 Experimental Section 

5.2.1 Synthesis 

5.2.1.1 Synthesis of K2SrTa2O7 (KSTO) and hydrated KSTO 

K2SrTa2O7 was synthesized via high-temperature solid-state reaction using 

potassium citrate (K3C6H5O7.H2O, Fisher Scientific, 99.0%), strontium nitrate (Sr(NO3)2, 

Alfa Aesar, 99%) and tantalum oxide (Ta2O5, Alfa Aesar, 99.93%) as precursors. In a 

typical synthesis, 5 mmol of each precursor (33% molar excess K3C6H5O7.H2O) were 

ground together in an agate mortar to form a homogeneous powder, then transferred to an 

alumina crucible, and heated to 500 oC at the rate of 2 ○C/min. The temperature was 

maintained at 500 oC for 4 hours to decompose the citrate precursors, then cooled to room 

temperature. The product was ground again to obtain a fine white powder, then 

transferred back to an alumina crucible and heated to 1000 oC at a rate of 10 ○C /minute 

and held at this temperature for 12 hours, then cooled to room temperature to obtain a 

white microcrystalline powder, which was confirmed to be anhydrous K2SrTa2O7 by 

PXRD. The anhydrous form was converted to the hydrated form (K2SrTa2O7•0.92H2O) 

upon exposure to air for 48 hours or washing with water, as previously reported in the 

literature 20,21,33. 

5.2.1.2 Synthesis of H2SrTa2O7 (HSTO) 

The acid form of the oxide (H2SrTa2O7) was obtained by ion exchange of 

K2SrTa2O7 using 4 M HNO3 aqueous solution. In a typical experiment, 2.00 g of 

K2SrTa2O7 was added to 250 mL 4 M HNO3 at room temperature and stirred for 4 days. 

The acid solution was changed twice during this period. The hydrated form of H2SrTa2O7
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was obtained after filtering and washing with deionized water and drying under vacuum 

at 25 oC for 6 hours.  Complete exchange of K+ ions with protons was confirmed by 

inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis. 

 

5.2.1.3 Synthesis of g-C3N4/SrTa2O6 (CN/STO) heterojunction, pristine g-C3N4 (CN), 

and SrTa2O6 (STO) 

 The heterojunction, g-C3N4/SrTa2O6 (CN/STO), was synthesized by thermal 

decomposition of melamine (C3H6N6, Sigma-Aldrich, 99.0%) in the presence of 

H2SrTa2O7. In a typical reaction, 1.000 g of H2SrTa2O7 (HSTO) was added to 50 mL of 

water containing 5.000 g of melamine (the 1:5 HSTO: Melamine mass ratio was 

determined from experiments done to determine the best performing heterojunction, 

Figure 5.12). The mixture was sonicated for 15 min, stirred for 30 min, then transferred 

to a Teflon-lined stainless steel autoclave, sealed, and heated at 200 oC for 24 hours under 

autogenous pressure. The product was filtered and washed twice with water to obtain a 

white microcrystalline powder. The white powder was calcined at 550 oC for 4 hours to 

obtain a yellow colored powder, which was confirmed by PXRD to be the g-

C3N4/SrTa2O6 (CN/STO) heterojunction. During the calcination process, H2SrTa2O7 was 

converted to metastable strontium tantalate, SrTa2O6.  Pure g-C3N4 (CN) was synthesized 

by following the same two-step method. In a typical reaction, 5.000 g of melamine was 

dispersed in 50 mL of water by sonication and stirring. The dispersed solution was 

hydrothermally treated at 200 oC for 24 hours before calcining at 550 oC for four hours. 

Pure SrTa2O6 (STO) was synthesized by calcining HSTO at 550 oC for 4 hours. 
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5.2.2 Characterization 

Powder X-ray diffraction (PXRD) measurements were collected on a Bruker-D2 

Phaser diffractometer equipped with Cu-Kα radiation (=0.15418 nm) at an operating 

voltage of 30 kV and current of 10 mA. The microstructure and energy-dispersive 

spectroscopy (EDS) elemental mappings were performed on a scanning transmission 

electron microscope (STEM, Hitachi HF3300) at 300 kV equipped with a Bruker silicon 

drift detector (SDD). Scanning electron microscopy (SEM) images were collected on a 

Zeiss Merlin FE-SEM with an operating voltage at 5.0 kV and further EDS elemental 

mappings were completed on an energy dispersive spectroscope (Bruker) at an 

acceleration voltage at 10.0 kV.  Differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA) were completed using an SDT-Q600 (TA Instruments, 

USA) from 32-800 °C under constant airflow (100 mL/min) and a heating rate of 10 

°C/min. X-ray photoelectron spectroscopy (XPS) was performed using a Kratos Axis 

Ultra DLD X-ray Photoelectron Spectrometer. The samples were analyzed as powders 

mounted on small pieces of indium metal. Surface areas were determined from nitrogen 

adsorption isotherms at 77 K by applying Brunauer-Emmett-Teller (BET) equation, using 

Autosorb-iQ from Quantachrome. Diffuse reflectance UV-Vis spectra (DRS) were 

collected on an Ocean Optics FLAME-S-XR1-ES spectrophotometer equipped with an 

integrating sphere. Fourier transform infrared spectra (FTIR) were recorded on a 

Spectrum 100 spectrometer (PerkinElmer). Photoluminescence (PL) and time-resolved 

fluorescence emission decay measurements were collected on a Horiba JobinYvon 

Fluorolog Fluorimeter (Model No. FL-1057) using a 450 W Xe lamp/ monochromator 

combination and a pulsed LED (Model NanoLED N-330), respectively, as the excitation 
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sources. The excitation monochromator was set at 336 nm to match the pulsed LED’s 

output for both emission and lifetime measurements. The microcrystalline samples were 

packed in the well of the sample holder (Model No. 1933) oriented at 60○ relative to the 

excitation source to minimize scattering. All measurements were performed at room 

temperature. The emission signals best fit tri-exponential decay kinetics rather than 

mono-, bi- or tetra-exponential kinetics. The average lifetime (τavg) was determined by 

the following equation: 

=  
∑

∑
      (5.1) 

            

where Ai and τi are the amplitudes (or weighting factors), and lifetimes, respectively. 

 Electrochemical impedance spectroscopy (EIS) was measured with a Gamry 3000 

electrochemical workstation. Spectra were collected using a conventional three-electrode 

system consisting of fluorine-doped tin oxide (FTO) as the working electrode, Ag/AgCl 

as the reference electrode, and platinum wire as the counter electrode.  The measurements 

were performed using a 5.0 mV AC voltage signal at 1 V vs Ag/AgCl between 100 kHz – 

0.1 Hz in 0.5 M Na2SO4 solution.  The working electrode was prepared by spin coating a 

slurry of photocatalyst on FTO glass (dimensions: 1 cm × 1 cm), and drying in an oven at 

60 °C. 

 

5.2.3 Photocatalytic performance 

 The photocatalytic studies were carried out in a Pyrex reaction vessel (80 mL 

capacity) connected to a closed gas circulation system. A 300 W Xenon lamp (Newport 

Corporation) was used as the light source with a 420 nm cut-off filter to provide visible 
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light irradiation. All experiments were performed at ambient temperature (25 °C). In a 

typical photocatalytic reaction, 50 mg of photocatalyst was dispersed in 50 ml of 

deionized water containing 5 % of triethanolamine used as a hole scavenger. The 

suspension was degassed with N2 gas for 30 min and then exposed to visible light 

irradiation (  420 nm) under magnetic stirring. For water-splitting experiments, 50 mL 

of deionized water was used without addition of cocatalyst or hole scavengers. The 

amount of hydrogen or oxygen produced was quantified by gas chromatography using an 

HP 6890 GC equipped with TCD FID, with Argon as a carrier gas. To study the stability 

and recyclability of the CN/STO heterojunction the suspension of the photocatalyst was 

degassed at the end of each cycle for 30 min using nitrogen gas.  When a cocatalyst was 

used, Pt co-catalyst (2.5 % by weight) was deposited using the photo-deposition method 

where chloroplatinic acid hexahydrate (H2PtCl6 6H2O, Sigma-Aldrich) was used as the 

Pt source. In a typical reaction of co-catalyst loading, 50 mg of the photocatalyst and 3.31 

mg of chloroplatinic acid hexahydrate were introduced into a pyrex photocatalytic cell 

with 50 mL of aqueous solution containing 5 mL of methanol. The suspension was 

irradiated with UV light for 4 hours with constant magnetic stirring. The gray colored Pt 

coated samples were recovered using centrifugation and dried in vacuum at 60 °C for 4 

hours. The apparent quantum yield (AQY) was calculated using the following equation 

   

AQY(%) = 
     × 

   
× 100   (5.2) 

 

 The average intensity of irradiation ( = 420 nm) was determined to be 0.45 

W/cm2 with the irradiation area of 4.12 cm2. The number of incident photons (N) was 
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calculated to be 2.80 x 1021 for one hour of irradiation. Similarly, the turnover number 

and turnover frequencies were calculated as follows:  

TON = 
     

      
 TOF = 

  ( )
 (5.3) 

5.3 Results and Discussions 

5.3.1 Synthesis 

A chimie douce (soft chemistry) method was used to synthesize the CN/STO 

heterojunction by depositing CN over STO as shown in Scheme 5.1. The K2SrTa2O7 

precursor was first synthesized using a high-temperature solid-state reaction by heating a 

mixture of potassium citrate, strontium nitrate, and tantalum oxide. The acid form, 

H2SrTa2O7, was obtained by ion exchange using aqueous nitric acid. For the synthesis of 

heterojunction, the proton exchanged form was homogenously mixed with melamine and 

subjected to hydrothermal treatment. After the hydrothermal treatment, the product was 

heated to 550 oC to form g-C3N4 nanofibres anchored to metastable SrTa2O6 phase 

obtained by dehydration of H2SrTa2O7. 
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Scheme 5.1: Schematic diagram of synthesis of CN/STO heterojunction 

5.3.2 Characterizations 

 The PXRD patterns of different samples are shown in Figure 5.1a. The PXRD 

pattern of KSTO obtained immediately after the synthesis corresponds to that of the 

anhydrous phase. The pattern was indexed in a tetragonal cell, (I4/mmm, a =3.976(2) Å, 

c= 21.711(5) Å). These values are consistent with the reported values.20,33 The anhydrous 

form converts to the hydrated form upon exposure to air (humidity, 80%) or washing 

with water (Figure 5.1a). The structural change due to hydration is commonly observed 

in layered perovskites 20,21,33. The anhydrous form completely converts to the hydrated 

form (K2SrTa2O7•nH2O) after 48 hours of air exposure (Figure 5.2). The 
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thermogravimetric analysis combined with differential scanning calorimetry (TGA/DSC) 

analysis of K2SrTa2O7•nH2O shows a distinct loss of water in the temperature range 60 

oC <T<150 oC (Figure 5.3a). The chemical formula of hydrated KSTO was estimated 

from the TGA to be K2SrTa2O7•0.92H2O, close to the formula reported by Shimizu et 

al.34  
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Figure 5.1: (a) PXRD of KSTO, hydrated KSTO, and HSTO. (b) Changes in PXRD 

patterns of HSTO heated at different temperatures 

 The PXRD pattern of the hydrated form of KSTO (Figure 5.1a) was indexed in a 

primitive tetragonal unit cell (P4/mmm, a=3.946(5) Å, and c= 12.133(7) Å). Adjacent 

layers are stacked immediately above each other leading to halving the c-axis upon 

hydration. During the hydration, the most prominent change in the PXRD patterns was 

observed in the  (001) reflections, which shifted to lower 2 values with some peak 

broadening.20 The PXRD pattern of proton exchanged form H2SrTa2O7•nH2O (HSTO) 

presented in Figure 5.1a, is also consistent with previously reported patterns.33,35 All 

observed diffraction peaks could be indexed in a primitive tetragonal unit cell (P4/mmm, 
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a=3.869(9) Å, and c=9.652(4) Å). The TGA/DSC analysis of HSTO exhibits multistep 

weight loss up to ~550 oC (Figure 5.3a). The number of water molecules per formula unit 

was determined to be 0.6 (Figure 5.3a). PXRD at various temperatures (Figure 5.1b) 

indicate no noticeable structural changes up to 350 oC. After 350 oC, the compound 

converts to the metastable phase of SrTa2O6 (STO).  The PXRD of the sample heated at 

550 oC confirmed the formation of the metastable phase, SrTa2O6 (STO). This structural 

change was previously reported by Mallouk et al.33 The metastable STO is stable up to 

850oC when the thermodynamically stable SrTa2O6 (Tetragonal Tungsten Bronze, TTB) 

phase forms.21  

 

 

Figure 5.2: PXRD of KSTO at different times (12, 24, 48 hours). 

 



139  

 

Figure 5.3: TGA/DSC data for (a) hydrated KSTO, (b) HSTO 

 

Figure 5.4: (a) PXRD of STO, CN and CN/STO heterojunction, (b) FTIR study of CN, 

STO, and CN/STO heterojunction 

 The g-C3N4/SrTa2O6 (CN/STO) heterojunction was fabricated in situ by thermal 

decomposition of melamine in the presence of HSTO. The presence of the two 

components was confirmed by PXRD (Figure 5.4).  The diffraction peaks observed at 2 

= 13.0ᵒ and 27.3ᵒ correspond to (100) and (002) diffraction planes of CN (JCPDS 87-

1526).29,36 Similarly, the diffraction peaks of the STO sample synthesized in situ during  

thermal decomposition of melamine to form CN, were indexed in cubic perovskite phase 
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(Pm 3 m, a=3.943(2) Å). The metastable cubic phase of STO is isostructural with 

CaTa2O6.
33,37 The presence of g-C3N4 in the CN/STO heterostructure was further 

confirmed by the Fourier transform infrared (FTIR) spectroscopy (Figure 5.4b).  

 

 

Figure 5.5: Temperature dependent PXRD study of the product obtained after the 

hydrothermal treatment of melamine and HSTO mixture heated at different temperatures. 

 To better follow the phase formation that occurs during the synthesis of CN/STO 

heterojunction, PXRD was obtained at various temperatures (Figure 5.5). The PXRD at 

25 oC corresponds to that of crystalline product obtained after hydrothermal treatment of 

melamine in the presence of HSTO. The diffraction peaks of HSTO are clearly visible 

which indicates that the hydrothermal step does not change the HSTO pattern. As the 

mixture is heated, the intensity of the peaks of HSTO decreases, and completely 

disappear after 350 ᵒC. The other peaks observed at low temperatures (25 oC, 350 oC, and 

450 oC) are from the hydrothermal treatment of melamine.38 As the peaks of HSTO 

decrease in intensity, the diffraction peaks of the cubic metastable phase of STO appear 
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indicating a complete transformation of HSTO to STO. The broad peak of CN observed 

around 25-30o at 550 ᵒC disappears after 650 ᵒC indicating complete oxidation of CN. 

The PXRD study indicates that the metastable perovskite STO is completely converted to 

the hexagonal tungsten bronze phase of SrTa2O6 (STO-TTB) when heated to 

temperatures >900 ᵒC.  

 

 

Figure 5.6: (a) TGA/DSC for CN/STO heterojunction, (b) TGA/DSC for pristine CN. 

 TGA/DSC of the CN/STO heterojunction (Figure 5.6a) shows a small weight loss 

(1 %) before 120 ○C, which may be due to the removal of surface adsorbed water 

molecules. The major weight loss (51 %) observed at 550 ○C corresponds to the 

decomposition of carbon nitride. The DSC study shows one major endothermic peaks at 

595 °C, which corresponds to the decomposition of carbon nitride. This result is further 

supported by the TGA/DSC of pristine CN sample shown in Figure 5.6b.  TGA data also 

confirms the 1:1 mass ratio of CN and STO in the heterojunction. The same mass ratio 

was used to prepare a heterogeneous blend sample of CN and STO (for comparative 

photocatalytic activity study).  
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Figure 5.7: SEM images for (a) KSTO, (b) HSTO, (c) STO, (d) CN, (e, and f) CN/STO 

heterojunction. (g, h and i) are the elemental mappings for Sr, Ta, and N in the image (f). 

 The microstructure and surface morphology of KSTO, HSTO, STO, CN and 

CN/STO heterojunction were investigated using scanning electron microscopy (SEM) 

(Figure 5.6). Crystallites of KSTO, HSTO, and STO possess rectangular sheet-like 

shapes with side length in the micrometer range and thickness of 100-150 nm. In this 

study, CN crystallites are shaped as fibers consistent with similar samples synthesized by 

two-step thermal condensation of melamine as reported by Jin et al.38 Images of CN/STO 

heterojunction show rectangular plates of STO uniformly covered with CN fibers, with 

intimate contact between CN and STO. This conclusion was further supported by EDS 

elemental mapping of CN/STO, which shows the homogeneous distribution of nitrogen, 
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strontium, and tantalum (Figure 5.6 f, g, h, and i). 

 The microstructure of CN/STO heterojunction was further investigated by high-

resolution STEM (Figure 5.8), which revealed that CN displays an aggregated fiber-like 

morphology (Figure 5.8a), while STO consists of micrometric plate-like crystals (Figure 

5.8b).  Most STO plates are randomly covered by fibre-like CN particles (Figure 5.8c), 

leading to the formation of CN/STO heterostructured material. Elemental mapping of the 

CN/STO heterojunction (Figure 5.8d) shows the homogeneous distribution of Ta and Sr 

in the STO plate surrounded by CN.  

 

Figure 5.8: STEM images for (a) CN, (b) STO and (c, and d) CN/STO heterojunction. 

Color codes for EDS mapping in (d): N (purple), Ta (yellow), Sr (pink) 
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Figure 5.9: (a) Diffuse reflectance UV-Vis spectra of STO, CN, and CN/STO 

heterojunction photocatalysts. (b) Tauc plots for pure CN and STO used to determine the 

band gap energy (Eg). 

 Diffuse reflectance UV-Vis spectra of all materials studied are shown in Figure 

5.9a. KSTO, HSTO, and STO have an absorption band in the ultraviolet region with a 

clear absorption edge at ~312-320 nm. The CN/STO heterojunction shows stronger 

absorbance at a wavelength higher than 450 nm. Optical band gap energies determined by 

diffuse reflectance UV-Vis indicating a redshift of Eg toward the visible region when CN 

is coupled with STO. The band gaps were determined by fitting the absorption spectra 

with the following equation 5.4:39 

 

αh = A(h − Eg)
n/2        (5.4) 

 

where α, h, , A and Eg are the absorption coefficient, Plancks’ constant, light frequency, 

proportionality constant, and band gap energy, respectively; n corresponds to the 

electronic transition properties of the semiconductor (n = 1 for a direct band-gap 
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transition and n = 4 for an indirect band gap transition). KSTO, HSTO, and STO were 

assumed to be direct band gap semiconductors (n = 1), while  CN is an indirect band gap 

semiconductor (n = 4).32,40,41 The optical band gaps of STO and CN were estimated to be 

3.94 eV and 2.74 eV, respectively (Figure 5.9b). Similarly, the band gap values for 

KSTO and HSTO were calculated to be 3.92 and 3.96 eV, respectively. 

 The chemical composition and metal oxidation states were further investigated by 

X-ray photoelectron spectroscopy (XPS). Figure 5.10a shows the survey scan XPS 

spectra for STO, CN, and the CN/STO which indicate that CN/STO is composed of C, N, 

Sr, Ta and O elements. Similarly, survey scans of KSTO and HSTO are shown in Figure 

5.11. 

 

 

 

Figure 5.10: (a) XPS survey spectrum of CN, STO, and CN/STO heterojunction 

samples. High-resolution XPS spectra of (b) C 1s, and (c) N 1s 
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Table 5.2: Binding energy values for C 1s, N 1s, Sr 3d, Nb 3d and O 1s in CN, STO, and 

CN/STO samples. 

 

Sample 

Binding Energy Values, eV 

C 1s N 1s Sr 3d O 1s Ta 4f K 2p 

KSTO - - 132.86 

134.60 

530.27 25.78 296.79 

HSTO - - 132.95 

134.38 

530.28 25.89 - 

CN 287.90 398.47 - - - - 

STO - - 132.82 

134.73 

530.16 25.78 - 

CN/STO 287.45 398.01 131.76 

134.60 

530.01 25.19 - 

 

 The binding energies obtained from XPS data are summarized in Table 5.2. High-

resolution XPS data of C 1s (Figure 5.10b) in CN showed a major peak at 288.1 eV, 

associated with sp2 hybridized carbon from the aromatic groups. A small peak around 

284 eV corresponds to C-C and/or adventitious carbon.42 The N 1s peak was observed at 

398.47 eV for CN (Figure 5.10c). C 1s and N 1s peaks for the heterojunction are 

observed at slightly lower binding energy values than in pristine CN. The shift to lower 

energy can be attributed to the relatively strong interaction between CN and STO in the 

heterojunction.43–45  
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Figure 5.11: XPS Survey scans for KSTO and HSTO samples. 

 

5.3.3 Photocatalytic performance 

 The photocatalytic performance was examined for water splitting under visible 

and/or UV light irradiation. To determine the optimal CN/STO mass ratio, 

heterojunctions with different CN/STO ratios were fabricated, and their photocatalytic 

activities were determined by measuring the amount of hydrogen generated from water 

reduction under visible light (  420 nm) irradiation. The heterojunction with 1:1 mass 

ratio (as confirmed by TGA/DSC, Figure 5.6a) was found to have the best performance 

for hydrogen generation under visible light irradiation (Figure 5.12) and was used 

throughout this study. 
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Figure 5.12: Amount of hydrogen generated by different composite (CN/STO) samples 

varying the mass percentage of CN. Conditions: 50 mg catalyst, 50 mL (10 vol.% 

triethanolamine) aqueous solution, 300 W Xe-lamp with filter for visible light irradiation 

( 420 nm). 

 The overall water splitting ability of the catalysts studied are summarized in Table 

5.3. In a typical experiment, 50 mg of catalyst was suspended in 50 mL of deionized 

water (without cocatalyst or hole scavenger). Under UV light irradiation, the amounts of 

hydrogen and oxygen produced by KSTO were found to be 37.5 µmol/h and 16.5 µmol/h 

respectively. Similarly, HSTO produced 36.0 µmol/h and 17.0 µmol/h of H2 and O2 

under UV light irradiation. The study showed that the tantalum-based Ruddlesden-

Popper–type perovskite is capable of splitting water into hydrogen and oxygen in 2 to 1 

ratio under UV light irradiation. In contrast, cubic STO obtained from dehydration of 

HSTO showed minimal activity. This result could be due to loss of the layered structure 

during the formation of three-dimensional metastable phase. The water splitting capacity 
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of CN was found to be negligible, as no oxygen was observed under UV nor under 

visible light irradiation, which suggests a high recombination rate of photogenerated 

electron/hole pairs. The study also revealed that under UV light the CN/STO 

heterojunction showed some hydrogen and oxygen production while no oxygen and only 

trace amounts of hydrogen were observed under visible light irradiation.  

 

Table 5.3: Photocatalytic production of H2 and O2 for different samples under UV and 

visible light irradiation 

Sample UV light, µmol/h Visible light, µmol/h 

H2 O2 H2 O2 

KSTO 37.5 16.5 0 0 

HSTO 36 17 0 0 

STO 5.2 1.8 0 0 

CN trace 0 0 0 

CN/STO 3.1 1.0 trace 0 

 

 The photocatalytic activities using Platinum cocatalyst and hole scavengers were 

also performed for all catalysts. The amount of hydrogen generated from photocatalytic 

water reduction was found to be much higher for CN/STO heterojunction compared to 

pristine CN under both visible and UV light irradiation. Table 5.4 and Table 5.5 

summarizes the amount of hydrogen generated by different catalysts in the presence of 

hole scavenger (triethanolamine, 10% by volume) under visible and UV light irradiations. 

KSTO, HSTO, and STO do not generate any hydrogen with/or without co-catalyst 
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loading under visible light irradiation (  420 nm) because of their large band gaps. 

Under UV light irradiation and in the presence of hole scavenger, the amount of 

hydrogen generated is higher than the amount generated without hole scavenger (Table 

5.3). Similarly, the amount of hydrogen produced was found to be higher in the presence 

of co-catalyst.46 

Table 5.4: Photocatalytic hydrogen production of different catalysts in the presence of Pt 

co-catalyst (2.5 wt. %). Conditions: 50 mg catalyst, 50 mL 10 % vol triethanolamine 

aqueous solution, 300 W Xe-lamp. The band pass filter was used to obtain visible light ( 

 420 nm) only.  

Sample UV light, µmol/h Visible light, µmol/h 

KSTO 114 0 

HSTO 149 0 

STO 10.8 0 

CN 8.7 7.8 

CN/STO 43.7 37.2 

 

 The amount of hydrogen produced from photocatalytic reduction of water in the 

presence of STO, CN, and CN/STO with Pt co-catalyst is presented in Figure 5.13. As 

expected, no hydrogen is produced by STO when irradiated by visible light. Under 

visible light irradiation, the rate of H2 generation significantly increases from 7.8 µmol/h 

for CN to 37.2 µmol/h for the CN/STO heterojunction. Similarly, the amount of 

photogenerated hydrogen increases from 8.7 µmol/h to 43.7 µmol/h under UV light 
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irradiation (Table 5.4). Similar photocatalytic activity studies were performed using 

physically mixed CN and STO sample (termed “blend sample”). The average hydrogen 

production rate of the blend was found to be 3.2 µmol/h under visible light irradiation, 

which is close to that observed for pristine CN. This result confirms that the tight junction 

between CN and STO in the CN/STO heterojunction allows for better interactions 

between the two components, which ultimately play an important role in improving the 

photocatalytic activity under visible light irradiation.  

 

Table 5.5: Photocatalytic hydrogen production of different catalysts under UV and 

Visible light irradiation without co-catalyst loading; Conditions: 50 mg catalyst, 50 mL 

(10 vol.% triethanolamine) aqueous solution, 300 W Xe-lamp with filter for visible light 

irradiation ( 420 nm). 

Sample UV light, µmol/h Visible light, 

µmol/h 

KSTO 109 0 

HSTO 112 0 

STO 7.8 0 

CN 1.2 trace 

CN/STO 3.6 trace 

 

 When exposed to visible light, the CN/STO heterojunction produces hydrogen at 

a rate of 137.2 mmol/h/mole of CN (or 811.7 mmol/h/mole of STO), which is  9× times 
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larger than the amount of hydrogen generated by one mole of pristine CN. A similar 

enhancement is observed under UV light (10×). This enhancement is superior to that 

observed for other heterojunctions under similar conditions.25,47–49 The apparent quantum 

yields (AQY) were calculated to be 0.35 % for CN and 2.62 % for the CN/STO 

heterojunction based on observed activity of 50 mg of the sample for 1 hour visible light 

irradiation ( = 420 nm). The turnover number (TON) for CN/STO reached 2.0 in 15 

hours with a turnover frequency (TOF) of 0.13. TON and TOF were determined using the 

amount of hydrogen generated after 15 hours of visible light irradiation which was found 

to be 550 µmol for 50 mg of CN/STO.  
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Figure 5.13: The rate of hydrogen generation from photocatalytic water reduction under 

visible light irradiation of STO, CN, CN/STO heterojunction photocatalysts; Conditions: 

50 mg catalyst with 2.5 wt. % of Pt cocatalyst, 50 mL 10 % vol. triethanolamine aqueous 

solution, 300 W Xe-lamp with filter for visible light irradiation (  420 nm).  
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 To investigate the stability of the CN/STO heterojunction, different runs of water 

reduction were performed. The amount of hydrogen produced in the third cycle was 

found to be 177.9 µmol, which is virtually the same amount produced in the first cycle 

(180.8 µmol), indicating that the heterojunction is stable under visible light irradiation 

(Figure 5.14a). This is further supported by the PXRD patterns of CN/STO before and 

after photocatalytic reactions (Figure 5.14b). 

 

 

 

Figure 5.14: Stability and recyclability test for the CN/STO heterojunction: (a) 

photocatalytic hydrogen evolution for different cycles; (b) PXRD patterns before and 

after photocatalytic testing.   

 

5.3.4 Proposed mechanism 

 The remarkable activity enhancement of CN/STO heterojunction over pristine CN 

could be explained on the basis of more efficient charge separation. To elucidate the 

mechanism of the observed enhanced photocatalytic activity of the CN/STO 
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heterojunction, the relative band positions of the two semiconductors (CN and STO) were 

determined since band edges play a crucial role in determining the migration pathways of 

photogenerated charge carriers. The conduction band (CB) bottom (ECB) and valence 

band (VB) edge (EVB) were calculated empirically using equations (5.5) and (5.6):32,50   

 

ECB = X− 0.5 Eg + E0          (5.5) 

 

EVB = ECB + Eg        (5.6) 

 

where Eg is the bandgap energy of the semiconductor, E0 is a scale factor relating the 

reference electrode’s redox level to absolute vacuum scale (E0 = −4.5 eV for NHE), and 

Х is the electronegativity of the semiconductor determined as the geometric mean of 

absolute electronegativities of the constituent atoms. Subsequently, ECB of STO was 

determined to be -0.59 eV relative to NHE. EVB of STO was calculated to be +3.35 eV 

based on band gap energy (Eg) of 3.94 eV.  Similarly, CB and VB edge potentials for CN 

were determined to be -1.10 and + 1.64 eV, respectively (Figure 5.15a).  These values 

were experimentally confirmed by valence band X-ray photoelectron spectroscopy (VB-

XPS) measurements (Figure 5.15b). The top of the VB of CN and STO were found to be 

at +1.64 eV and +3.35 eV respectively, consistent with the calculated values.  
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Figure 5.15: (a) Relative band positions and band gaps of CN, KSTO, HSTO, and STO. 

(b) Valence band (VB) XPS spectra of CN and STO (c) Schematic diagram of transfer 

and separation of photogenerated carriers in CN/STO heterojunction under visible light 

irradiation. 

 As mentioned above, visible light photocatalytic hydrogen production rate of 

CN/STO heterojunction is much higher than that of CN, which could be ascribed to a 

good match of CB positions and the synergistic effect between CN and STO as 

schematically described in the proposed photocatalytic mechanism in Figure 5.15c. STO 

cannot be excited by visible light irradiation because of its large band gap. Thus, 

photocatalytic hydrogen production by the CN/STO heterojunction can be attributed only 



156  

to electrons photogenerated from CN. These electrons can transfer to the CB of STO via 

the heterojunction interface since the CB of CN is higher than that of STO. The electrons 

injected in the CB of STO can then, be transferred to the surface, where they can 

participate in the reduction of surface adsorbed water molecules to produce hydrogen. On 

the other hand, photogenerated holes in the VB of CN are trapped by hole scavengers 

such as triethanolamine (Figure 5.15c). Hence, the heterojunction limits the 

recombination rate of photogenerated electrons, which results in enhanced photocatalytic 

activity for the CN/STO heterojunction. 

 To support the above-described mechanism, the lifetime of photogenerated 

electron-hole pairs was investigated using photoluminescence (PL) experiments. High 

photoluminescence intensity is generally considered to reflect high recombination rate of 

charge carriers.45,51–53 The PL emission intensity of the heterojunction CN/STO was 

found to be significantly smaller compared to that of pristine CN (Figure 5.16a), which 

suggests that the heterojunction has lower recombination rate, consistent with the 

observed higher photocatalytic activity. Time-resolved fluorescence emission spectra 

were collected for CN and CN/STO to determine the lifetime of photogenerated electron-

hole pairs in CN and CN/STO (Figure 5.16b). The fluorescence intensities for both CN 

and CN/SNO were best fitted using a tri-exponential curve.54,55 The weighted average 

lifetimes (τavg) were determined to be 64 and 23 ns for CN and CN/STO, respectively 

(Table 5.6).  The lower lifetime of electrons in CN/STO suggests that electrons in the CB 

of CN undergo rapid transfer to CB of STO, which presumably improves the separation 

of charge carriers. This evidence of fast electron injection confirms that the formation of 

CN/STO heterojunction promotes charge transfer efficiency, thereby favoring 
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photocatalytic water reduction.56,57 

 

 

Figure 5.16: (a) Photoluminescence (PL) spectra of CN and CN/STO at an excitation 

wavelength of 336 nm. (b) Time-resolved fluorescence emission decay curves for g-C3N4 

and CN/STO.  The emission wavelength was set at 460 nm, with the excitation 

wavelength of 336 nm. (c) EIS of CN and CN/STO.  

 

Table 5.6: Kinetic parameters of the emission decay for g-C3N4 and CN/STO.   

Sample A1 τ1 (ns) A2 τ2 (ns) A3 τ3 (ns) τavg χ2 

CN 0.3252 2.4995 0.4271 10.988 0.2477 79.323 64.09 1.315 

CN/STO 0.5119 0.7679 0.3695 4.5994 0.1186 33.876 23.60 1.540 

 

 Electrochemical impedance spectroscopy (EIS) was used to determine the 

migration and transfer rate of photogenerated charge carriers. A smaller arc radius in EIS 

Nyquist plots corresponds to higher charge carriers mobility.58–60 The arc diameter for 

CN was found to be ~1200 Ω, while that of CN/STO is ~400 Ω (Figure 5.16c). Thus, the 

resistance between the CN/STO heterojunction and electrolyte interface is much smaller 
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than that of CN/electrolyte interface.  This result revealed that the heterojunction formed 

between CN and STO would improve the rate of charge transfer by lowering the 

recombination rate, which is favorable for enhancing the photocatalytic activity of CN in 

CN/STO heterojunction. 

 

5.4 Conclusions 

 In summary, visible-light-active g–C3N4/SrTa2O6 (CN/STO) heterojunction was 

fabricated using melamine and proton exchanged form (H2SrTa2O7•nH2O) of 

K2SrTa2O7•nH2O with Ruddlesden-Popper (RP) layered perovskite-type structure. 

Thermal decomposition of melamine in the presence of H2SrTa2O7•nH2O resulted in the 

formation of a heterojunction composed of metastable strontium tantalate (SrTa2O6, 

STO) coated with g-C3N4. The heterojunction has strong absorption in the visible light 

region and possesses significantly enhanced photocatalytic activity towards water 

reduction. The key to this enhancement relies on proper matching between band positions 

of CN and STO as well as better separation and transfer of photogenerated electrons at 

the intimate heterojunction interface. 
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Abstract 

 Heterojunction photocatalysts comprised of two semiconducting materials 

with suitable band gaps and band positions have been reported to be effective at 

enhancing photocatalytic activity in the visible light region of the electromagnetic 

spectrum. Here, we report the synthesis, complete structural and physical 

characterizations, and photocatalytic performance of a series of semiconducting oxide 

composites. UV light active tantalum oxide (Ta2O5) and visible light active tantalum 

oxynitride (TaON) and tantalum nitride (Ta3N5) were synthesized, and their 

composites with Bi2O3 were prepared in situ using benzyl alcohol as a solvent. The 

composite prepared using equimolar amounts of Bi2O3 and Ta2O5 leads to the 

formation of the ternary oxide, bismuth tantalate (BiTaO4) upon calcination at 1000 

0C.  The composites and single phase bismuth tantalate formed were characterized by 

powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA), Brunauer-

Emmett-Teller (BET) surface area measurement, scanning electron microscopy 

(SEM), transmission electron microscopy (TEM), UV-Vis diffuse reflectance 

spectroscopy, and photoluminescence. The photocatalytic activities of the catalysts 

were evaluated for generation of hydrogen using aqueous methanol solution under 

visible light irradiation (  420 nm). The results show that as-prepared composite 

photocatalysts extend light absorption range and restrict photogenerated charge 

carrier recombination, resulting in enhanced photocatalytic activity compared to 

individual phases. The mechanism for the enhanced photocatalytic activity for the 

heterostructured composites is elucidated based on observed activity, band positions 

calculations, and photoluminescence data. 
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6.1 Introduction 

After the discovery of titanium dioxide (TiO2) as an ultraviolet light active 

photocatalyst for water splitting and degradation of organic compounds in the early 

1970’s, a large number of semiconductor-based photocatalysts have been extensively 

studied.1,2 In a semiconductor photocatalytic system, electron-hole pairs are generated 

when a photocatalyst is exposed to light with energy larger than that of its band gap (h  

Eg). The photogenerated electron-hole pairs can either recombine with no chemical effect 

or migrate to the surface of the semiconductor without recombination, where they can be 

effectively used to carry out specific redox processes.3,4 Thus, the efficacy of the 

photocatalytic process depends on on (i) the number of charge carriers taking part in the 

redox reactions and (ii) the effective separation of electron-hole pairs generated by the 

photoexcitation. High recombination, (i.e. short lifetime of the photo-generated carriers) 

and limited efficiency under the visible light are the two limiting factors in the 

development of efficient semiconductor-based photocatalysts. 

 A number of metal oxides and sulfides have been examined as photocatalysts for 

hydrogen production and decomposition of toxic organic molecules.5,6 The majority of 

binary and ternary semiconducting metal oxides (e.g. TiO2, NaTaO3) are primarily active 

under UV irradiation, which represents only 5% of the solar spectrum. For better 

utilization of solar energy, the materials should have bandgaps less than 3 eV ( > 385 

nm).7 Thus, significant efforts have been invested in the development of new or modified 

semiconductor photocatalysts capable of being active in the visible region of the 

electromagnetic spectrum (= 400–700 nm).8–10 The most common approach is the use of 

cation and/or anion doping to engineer band gaps of UV-active semiconducting oxides by 
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extending their absorption range to better utilize visible light.3,11–13 Despite the success of 

this chemically-based strategy, the performance of visible light active doped 

photocatalysts remains relatively low in comparison to that of UV active photocatalysts. 

For example, K. Nagaveni et al. has compared the photocatalytic activities of different 

metal ion (W, V, Ce, Zr, Fe, and Cu) doped and undoped TiO2 and their results showed 

that the degradation rates of 4-nitrophenol with doped catalysts were lower than that of 

the undoped TiO2 both with UV exposure and solar radiation.14 The other approach that 

has generally been applied is to form a semiconductor heterojunction by coupling with a 

secondary substance (either a dye or another semiconductor).15–20 This approach was 

examined in a variety of applications including hydrogen generation and organic 

molecule degradation. Some studies focused on  the enhancement of visible light-induced 

activity of  high band gap semiconductors (UV light active) by combining it with small 

band gap semiconductors (visible light active).16–18 Other studies used composite 

photocatalysts made of two or more small band gap semiconductors (both visible light 

active).19,20 In general, it is believed that properly designed heterostructured systems 

(composite photocatalysis) help to separate photogenerated electron-hole pairs, thus 

increasing the pairs’ lifetime so that they can transfer to the surface to participate in redox 

processes. Taking into account the above-mentioned facts of charge carrier 

recombination and absorption range extension, we synthesized, characterized, and studied 

photocatalytic properties of visible light active composite photocatalysts prepared from 

two semiconducting oxides with suitable band gaps and band positions. 

  Among the semiconductor oxides, tantalum-based materials attract 

considerable attention in the field of photocatalytic hydrogen generation because 
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of its unique chemical stability as well as excellent electronic characteristics for 

water splitting. The conduction band (CB) levels consist of tantalum 5d orbital 

(more negative than the Titanium 3d orbital), which gives photogenerated 

electrons a strong reducing capability. However, practical use of Ta2O5 as a 

photocatalyst is limited because of its activity is restricted to UV light as well as its 

low photocatalytic activity. Many studies focused on improving catalytic activity 

of Ta2O5 by preparing large surface area materials, doping with cations or anions 

and making composites with other catalysts.21–24 Another important 

semiconducting oxide, bismuth oxide, has recently captured considerable attention 

due to its visible light activity, dielectric permittivity, high refractive index, and 

thermal stability.25 It is a  semiconductor with suitable band positions for water 

oxidation.26 It has also been proven to be an excellent sensitizer to enhance the 

visible light activity of UV or visible active photocatalysts. The approach 

involving the fabrication of heterostructured composites using bismuth oxide as a 

sensitizer have been successful in reducing the photogenerated charge carrier 

recombination and optical response extension.16,27–30 A number of bismuth oxides 

based heterojunctions, such as Bi2O3/BaTiO3,
16 ZnO/Bi2O3,

25 and Bi2O3/TiO2-

xNx,
29 have shown excellent photocatalytic activity when exposed to visible light. 

Here, we report the synthesis of new semiconducting heterojunctions formed by 

combining tantalum oxides, nitrides, and oxynitrides with bismuth oxide. These 

composites show superior photocatalytic activities compared to pure tantalum 

oxide, tantalum oxynitride and tantalum nitride for generation of hydrogen gas in 

an aqueous solution of methanol using visible light. The enhanced mechanisms of 
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the photocatalytic activity of these heterojunctions are rationalized on the basis of 

corresponding band gaps, band positions, and photoluminescence data. In the case 

of heterojunction formed of bismuth oxide and tantalum oxide, an equimolar ratio 

of the two oxides was used to study the photocatalytic activity of composites as 

well as that of the bismuth tantalate phase (BiTaO4) which is obtained after 

calcination. BiTaO4 is a well-known photocatalyst suitable for overall water 

splitting as well as organic molecule degradation.31–33 This paper details how 

bismuth oxide may be used to create composites with tantalum-based simple 

oxides, oxynitrides, and nitrides.  The heterojunction between the two components 

is characterized and discussed in detail. 

 

6.2 Experimental Methods 

 

6.2.1 Synthesis of Bi2O3/Ta2O5 heterojunction 

 For the synthesis of the Bi2O3/Ta2O5 composite, bismuth nitrate pentahydrate 

(Bi(NO3)3.5H2O, Alfa Aesar, 99 % ) and tantalum chloride (TaCl5, Alfa Aesar, 99.9% 

metals basis) were used as received. A two-step synthesis approach was used to obtain 

the composite. In the first step, Ta2O5 nanoparticles were prepared using anhydrous 

benzyl alcohol as a solvent.34 In a typical synthesis of tantalum oxide nanoparticles, 1 g 

of tantalum chloride was dissolved in 60 mL of anhydrous benzyl alcohol. The whole 

mass was sealed in a Teflon-lined autoclave and heated at 220 oC for 48 hours. The solid 

mass was obtained by centrifugation, washed with ethyl alcohol several times and 

vacuum dried at 70 oC overnight. Based upon the thermogravimetric analysis, the sample 
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was calcined at 700 oC for 2 hours to obtain the pure phase of tantalum oxide (TA-700). 

In the second step, the as-prepared Ta2O5 nanoparticles were used as a support during the 

synthesis of bismuth oxide using bismuth nitrate precursor in benzyl alcohol under reflux 

conditions. In a typical synthesis of the composite, 0.5 g of Ta2O5 nanoparticles were 

transferred to a 100 mL round bottom flask along with 50 ml of anhydrous benzyl 

alcohol. Then, 1.097 g bismuth nitrate pentahydrate (to make the equimolar ratio of 

bismuth oxide and tantalum oxide) was added to this suspension and refluxed at 150 ᵒC 

for 8 hours with continuous magnetic stirring. The obtained pale yellow product was 

washed with ethanol and vacuum dried for 12 hours at 70 ᵒC. The product was then 

calcined at 400 ᵒC to obtain the Bi2O3/ Ta2O5 composite, BITA-400, as determined by 

PXRD. The yield of BITA-400 was  80 %, based upon the weight of bismuth oxide and 

tantalum oxide. A sample of the product was also calcined at 1000 ᵒC to obtain the phase 

BiTaO4 (BITA-1000) as confirmed by PXRD. 

 

6.2.2 Synthesis of Bi2O3/TaON and Bi2O3/Ta3N5 heterojunctions 

 To better understand the behavior of these heterostructured composite, two other 

composites based on tantalum oxynitride (TaON) and tantalum nitride (Ta3N5) with 

bismuth oxide were prepared using the same two-step method described earlier. TaON 

and Ta3N5 were prepared by nitration of tantalum oxide in ammonia.35,36 In a typical 

synthesis of tantalum oxynitride (TaON), 500 mg of Ta2O5 powder were heated at 825 oC 

for 6 hours in a tube furnace under a constant flow of ammonia (20 mL/ min) where 

ammonia gas was passed through a round bottom flask containing deionized water. 

Similarly, tantalum nitride (Ta3N5) was synthesized from Ta2O5 powder under the same 
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conditions but using dry ammonia (without passing the ammonia through deionized 

water). The surface of TaON and Ta3N5 are coated with Bi2O3 using the reflux method as 

described above and calcined at 400 ᵒC for 2 hours to obtain composites of Bi2O3/TaON 

(BITON) and Bi2O3/Ta3N5 (BITN), respectively. 

 

6.2.3 Characterizations 

 The products were characterized by powder X-ray diffraction (PXRD) using a 

Bruker-D8, with Cu-Kα radiation (=0.15418 nm). The morphology and EDAX analysis 

of the samples were determined by scanning electron microscopy using a SEM, JSM-

6380-LA, JEOL, Japan) and transmission electron microscopy (TEM, JEOL JEM2010). 

The morphologies and structures of the obtained composites were further analyzed by a 

scanning transmission electron microscope (STEM, JEOL 2200-FS) with aberration 

corrected at 200 kV. Differential scanning calorimetry (DSC) and thermogravimetric 

analysis (TGA) were completed using an SDT-Q600 (TA instrument, USA) from 32-

1000 ᵒC under constant airflow and a heating rate of 10 ᵒC/min. The Brunauer-Emmett-

Teller (BET) surface areas were determined from nitrogen adsorption isotherms at 77 K 

using Autosorb-iQ from Quantachrome. UV-vis diffuse reflectance spectra (DRS) were 

collected on a Shimadzu UV-3600 spectrophotometer equipped with an integrating 

sphere. Photoluminescence (PL) spectra were measured on the dual grating Fluorometer-

3T (JY Horiba), with right angle configuration of excitation and detection. The excitation 

was made with 300 nm monochromatic light, with slits on the excitation and detection 

monochromators set at 5 nm. 
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6.2.4 Photocatalytic test 

 The catalysts were evaluated for their photocatalytic hydrogen generation using 

20 % (v:v) aqueous solution of methanol under visible light (   420 nm) and UV + 

visible light irradiation. A 300 W Xenon lamp (Newport Corporation) was used as the 

light source with a 420 nm cut-off filter to provide visible light irradiation. All 

experiments were performed at ambient temperature (25 ᵒC) using a water jacket around 

the photocatalytic cell. In a typical reaction, 50 mg of the as-prepared photocatalyst was 

dispersed in an aqueous solution of methanol (10 mL of methanol and 40 mL of 

deionized water). Before illumination, the suspension was degassed using argon gas for 

30 min in order to remove any dissolved oxygen. Then, the solution was exposed to 

visible or UV light irradiation under magnetic stirring. The amount of hydrogen produced 

was quantified by gas chromatography.  

 

6.3 Result and discussions 

6.3.1 Characterizations of photocatalysts 

 The crystal structures and phases of the samples studied were investigated by 

powder X-ray diffraction (PXRD), as shown in Figure 6.1. The PXRD pattern of BITA-

400 composite (Figure 6.1a) confirms the formation of pure tetragonal bismuth oxide 

(JCPDS- 074-1371) and tantalum oxide (JCPDS- 079-1375). Similarly, patterns of 

BITON (Figure 1b) and BITN (Figure 1c) show the composite formation of TaON 

(JCPDS-071-0178) and Ta3N5 (JCPDS-089-5200) phases, respectively, with Bi2O3 

(JCPDS-079-1375). The major peaks in Figure 6.1a, 6.1b, and 6.1c (located at about 2  

= 28.12ᵒ, 32.9ᵒ, 46.3ᵒ, 47.0ᵒ and 55.7ᵒ) correspond to the tetragonal phase of Bi2O3. The 
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other major reflections in Figure 6.1a correspond to the orthorhombic phase of Ta2O5. 

The broadening of peaks in Figure 6.1a suggests small crystallite size. Using the Scherrer 

equation, the average crystallite sizes of Bi2O3 and Ta2O5 are estimated to be 26 nm and 

32 nm, respectively. Similarly, the crystallite size of TaON and Ta3N5 in BITON and 

BITN are calculated to be 55 nm and 52 nm, respectively. The peaks in Figure 1b 

observed at 2  = 18.11ᵒ, 29.5ᵒ and 32.0ᵒ correspond to the monoclinic form of TaON.35,36 

Besides the peaks of bismuth oxide, major peaks in Figure 1c correspond to the 

monoclinic phase of Ta3N5. The PXRD shown in Figure 1d correspond to that of the pure 

BiTaO4 (JCPDS- 016-0909) obtained after the calcination of BITA composite at 1000 ᵒC.  
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Figure 6.1: PXRD Patterns of the samples (a) BITA-400, (b) BITON, (c) BITN and (d) 

BITA-1000 (BiTaO4).
  

 Based on the PXRD study, it is confirmed that the crystal structure representation of 

the individual components of the composites studied differ from each other substantially 

(Table 6.1). Ta2O5 is orthorhombic while TaON and Ta3N5 are monoclinic. These 



173  

tantalum-based compounds are coated with the tetragonal phase of Bi2O3 during their 

composite formation. These individual components of the composite are well-known 

photocatalysts for solar fuel production and light initiated environmental remediation 

processes. 37–39 

Table 6.1: Crystal structure representation and electronic structure data of the 

components of the composites studied. These composites are made with tetragonal Bi2O3 

and different phases of tantalum-based compounds (orthorhombic Ta2O5 for BITA-400 

composite, monoclinic TaON for BITON composite and monoclinic Ta3N5 for BITN 

composites). 

Compounds Ta2O5 TaON Ta3N5 Bi2O3 

Crystal unit cell 

representation 
 

 

  

Color  White Yellow-green Red Yellow 

Band Gap, eV 3.80 2.29 2.03 2.78 

Band Positions, 

eV vs NHE 

CB -0.17 -0.17 -0.17 +0.34 

VB +3.63 +2.12 +1.86 +3.11 

 

 The morphology and microstructure of different samples were revealed by 

scanning electron microscopy (SEM) and scanning tunneling electron microscopy 

(STEM) as shown in Figure 6.2 and 6.3. The composites are composed of irregular 

architectures with micron sized particles. Energy dispersion spectroscopy (EDS) of 

BITA-400 shows the presence of Bi and Ta only (Figure 6.2b).  
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Figure 6.2: SEM images and EDS spectrum for different samples: (a) and (b) BITA-400, 

(c) BITON, (d) BITN.

The heterojunctions were further analyzed by scanning tunneling electron 

microscope (STEM) to understand the nature of the heterojunctions. As shown in Figure 

6.3a and 6.3b, the BITA-400 composite consists of block-like Ta2O5 nanosize particles 

with well-defined faces, whereas Bi2O3 particles tend to be primarily acicular or spherical 

shape.  Elemental mapping (Figure 6.3b), clearly shows that the Bi2O3 and Ta2O5 phases 

are segregated from each other with no intimate contact.  In contrast, the composite 

BITON consists of nanosize block-like or cuboidal TaON particles (50 nm in size) 

intimately combined with Bi2O3 particles of similar size to form larger porous particles. 

The elemental mapping shown on Figure 6.3d demonstrate the intimate nature of the 

BITON composite. A similar conclusion is true for the composite BITN. SEM image 

(Figure 6.2d) shows the formation of onion-shaped micron-size particles formed of plate-
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like crystals. STEM images and elemental mapping is shown in Figure 3e and 3f indicate 

the formation of an intimate mixture of the two individual phases. 

 

Figure 6.3: STEM images of (a) BITA-400, (c) BITON, (e) BITN composites with 

corresponding mapping analysis (b), (d) and (f). 

  The optical absorption properties of all samples were measured by UV–vis 

absorption spectra transformed from the corresponding diffuse spectra according to the 

Kubelka–Munk theory and the results are shown in Figure 6.4.40,41  
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Figure 6.4: UV-Vis diffuse reflectance spectra of synthesized products. 

 

  The bandgaps obtained from UV-vis diffuse reflectance spectra were used to 

calculate the position of the conduction band (CB) bottom (ECB) using the empirical 

formula (equation 6.1):42  

ECB = X− 0.5 Eg + E0                                      (6.1) 

where Eg is the bandgap energy of the semiconductor, E0 is a scale factor relating 

the reference electrode redox level to absolute vacuum scale (E0 = −4.5 eV for 

normal hydrogen electrode, NHE), and X is the electronegativity of the 

semiconductor, which can be expressed as the geometric mean of the absolute 

electronegativity of the constituent atoms.43
 The values of ECB and EVB calculated 

by using this empirical formula are consistent with the reported values.44  
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The DSC-TGA curves of BITA composite are presented in Figure 6.5. The first 

weight loss begins at 175 ᵒC and corresponds to the loss of organics used during 

synthesis. The loss of organics is complete by 400 ᵒC. The weight was almost constant 

after 400 ᵒC. This is supported by the major exothermic peak in DSC curve as well. 

Hence, this temperature was used to calcine all synthesized Bi2O3 based composites to 

remove all organic molecules in order to obtain the pure phase of bismuth oxide in all 

composites. The pure bismuth tantalate phase was obtained after heating at 1000 ᵒC. 

Additional TGA graphs of composites and individual component are given in Figure 6.6. 
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Figure 6.5: DSC-TGA analysis of bismuth oxide and tantalum oxide composite. 

To understand the phase changes that occur during the heating of the 

composites, we collected PXRD data of the phases obtained at various 

temperatures (Figure 6.7). The PXRD shown in Figure 6.7a corresponds to that of 

crystalline Ta2O5 used as precursor mixed with amorphous Bi2O3. After heating at 

400 ᵒC, diffraction peaks of both Ta2O5 and Bi2O3 are present indicating the 
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initiation of the crystallization of Bi2O3 and formation of the composite BITA-400 

(Figure 6.7b). When the compound was heated at higher temperatures, crystalline 

BiTaO4 began to form at temperatures as low as 800 ᵒC. Pure BiTaO4 is obtained at 

1000 ᵒC as shown in Figure 7h.  
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Figure 6.6: Thermogravimetric analysis of a) BITA composite b) tantalum oxide c) 

bismuth oxide 
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Figure 6.7: XRD study of BITA composite (Bi2O3/Ta2O5) heated at different 

temperatures.
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 A surface area analysis of the samples are summarized in Table 6.2 and the 

adsorption/desorption isotherms are shown in Figure 6.8. The surface area of BITA-400 

is higher than that obtained for BITON and the BITN. The smaller particles from BITA-

400 are further supported by PXRD and SEM results. This is most likely due to the 

corresponding tantalum oxynitride and tantalum nitride used during the synthesis of the 

composites. The oxynitride and nitride compounds were prepared by heating tantalum 

oxide at 825 ᵒC for 6 hours. This calcination may have increased the particle size and 

reduced the surface area.  

 

6.3.2 Photocatalytic testing 

 The photocatalytic activities of the samples were determined by the amount of 

hydrogen generated from an aqueous solution of methanol under visible light or UV light 

irradiation.  

 

Figure 6.9: Amount of hydrogen gas evolved for different samples in 4 hours (50 mg of 

catalyst in 50 mL of 20 % aqueous methanol solution irradiated with visible light or UV 

+ visible light). 
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 Figure 6.9 and Table 6.2 display the different amount of hydrogen produced in 4 

hours of UV or visible light irradiation by the given samples. Since tantalum oxide and 

bismuth tantalate do not absorb in the visible light region, there was no hydrogen 

production when the only visible light was used. Furthermore, no hydrogen production 

was observed when bismuth oxide was used alone because its band position is not 

suitable for water reduction. The UV light activity of the composite BITA-400 was 

slightly higher than that of tantalum oxide and the ternary BITA-1000. Only a very small 

amount of hydrogen was observed when BITA-400 was exposed to visible light 

irradiation. The photocatalytic hydrogen evolution is significant in the composite in 

comparison to the individual components or phase pure samples. In other words, the 

composites BITON and BITN display significantly better photocatalytic hydrogen 

production compared to the individual components of the composites.  

Table 6.2: Amount of hydrogen evolved from different catalysts with different surface 

areas in 4 hours of visible light irradiation. 

Photocatalyst Surface area 

(m2/g) 

Visible light irradiated H2 evolution after 4-

hour photolysis (µmol/g) 

BITA-400 25.00 0.5 

TaON 2.50 3 

Ta3N5 2.05 7 

BITON 6.04 68 

BITN 5.41 92 

 

It was found that the visible light-activated hydrogen evolution rate is found in the order 
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of BITN > BITON > Ta3N5 > TaON > BITA-400, suggesting lower recombination rate of 

photogenerated carriers in the composites. The higher activity of the composites is 

presumably due to the intimate contact between bismuth oxide, and TaON or Ta3N5. The 

intimate contact between particles of the two composite components allows the photo-

generated electrons and holes to reside in two different species and restrict their 

recombination rate.  
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Figure 6.10: Room temperature photoluminescence (PL) spectrum of as-prepared 

samples (Ex = 300 nm).  

 To understand the lifetime of photogenerated electron-hole pairs, we have conducted 

photoluminescence (PL) for all samples.  PL data (Figure 6.10) shows that the PL 

emission intensity (the main emission peak is centered at about 390 nm) is in the order of 

BITA-1000 > Ta2O5 > BITA-400 > TaON > Ta3N5 > BITON > BITN. The emission 

intensity of the PL spectra for the composites is significantly smaller than that of the 
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individual components. The intensity of the PL spectra is directly proportional to the rate 

of charge carrier recombination.45–47 The data suggest that there is significantly less 

recombination in the composites, which may explain the higher photocatalytic activity 

observed. Thus, the formation of composites has led to the better separation of photo-

generated electrons and holes, increasing the lifetime of the electron-hole pairs, which 

enhances the photocatalytic activity. 

6.3.3 Reaction mechanism 

To explain the mechanism of enhanced photocatalytic hydrogen generation for the 

heterostructured composites, we investigated the relative band positions of two 

semiconductors because the band edge potentials play a crucial role in determining the 

flowchart of photo-excited charge carriers in heterojunctions.  

Figure 6.11: Relative band positions of Bi2O3, Ta2O5, TaON, and Ta3N5. 
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 Figure 6.11 shows a schematic representation of band positions of different 

compounds based on calculated band edges given in Table 6.1. The band positions of 

bismuth oxide lay between those of tantalum oxide. Additionally, its valence band 

position is located below that of TaON and Ta3N5.
 The activities of the composites are 

directly related to the corresponding band positions of the individual components. The 

low activity of the BITA-400 composite (in visible and UV light) can be explained using 

the same facts observed in the ZrO2/TaON system, as described by K Maeda et al.48 

Based on the band positions of bismuth oxide and tantalum oxide, electron transfer from 

the conduction band of Bi2O3 to the conduction band of Ta2O5 and transfer of holes from 

the valence band of Bi2O3 to the valence band of Ta2O5 should be energetically 

unfavorable, and the band positions of bismuth oxide are not suitable for hydrogen 

generation. Hence, it can be concluded that the electrochemical reactions occur at the 

surface of tantalum oxide and the incorporation, of bismuth oxide helps to separate the 

electrons and holes on the surface, giving better activity than the individual tantalum 

oxide. The increased activity of tantalum oxide over single phase bismuth tantalate 

(BITA-1000) (Figure 6.9) can be explained on the basis of surface area. The surface areas 

of tantalum oxide and bismuth tantalate are 5.8 m2/g and 2.05 m2/g, respectively. The 

higher surface area brings not only increased surface for contact with transmitted UV 

light and water molecules for reduction but also more active catalytic sites. On the other 

hand, for randomly generated charge carriers, the average diffusion time from bulk to the 

surface is given by  = r2/π2D, where r is the grain radius and D is the diffusion 

coefficient of the carrier.49 When the grain radius decreases, diffusion time is reduced, 

and the recombination probability of photogenerated electron-hole pairs decreases.  
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Figure 6.12: Comparative band edge positions and charge transfer process (Z-Scheme) in 

bismuth oxide and tantalum oxynitride or tantalum nitride heterojunction under visible 

light irradiation. 

  The increased visible light activity of the other two composites, namely BITON 

and BITN (when compared to tantalum oxynitride and tantalum nitride, respectively) can 

be explained by the trapping of holes due to the presence of bismuth oxide. Under visible 

light irradiation, the components of each composite become excited, creating electrons 

and holes in the conduction band and valence band respectively. In principle, it would be 

expected that electrons from the CB of TaON or Ta3N5 would be easily injected in the 

CB of Bi2O3. If electron migration follows this pathway, more electrons would be 

concentrated in the CB of bismuth oxide. Based on band position calculations, electrons 

in the CB of bismuth oxide would not be able to reduce protons due to the increased 

positive CB potential in comparison to H+/H2 potential.  However, for BITN or BITON 

composites, H2 evolution is considerably higher than that of individual Ta3N5 or TaON. 

This result implies that electrons in the CB of Ta3N5 or TaON in composite BITN or 

BITON are responsible for hydrogen generation and the corresponding holes are trapped 
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by the CB electrons of Bi2O3, similar to the Z-Scheme mechanism as shown in Figure 

6.12.15,50–53  

  This proposed mechanism is further supported by the observed higher activity of 

BITN compared to BITON. The valence band of TaON lies below that of the valence 

band of Ta3N5, thence trapping of holes in VB of Ta3N5 by electrons moving from Bi2O3 

(Z-scheme) is more energetically favorable than the same process in case of TaON. In all 

cases, the enhanced activity of heterojunctioned composites containing Bi2O3 with 

tantalum-based simple oxides, oxynitrides, and nitrides can be attributed to better 

electron-hole pair separation.     

  

6.4 Conclusions 

 In summary, tantalum oxide, tantalum oxynitride, and tantalum nitride 

based composites were prepared individually using bismuth oxide. The 

heterojunctions formed between the two components in each catalyst show 

favorable conditions for electron-hole separation to generate hydrogen from an 

aqueous methanol solution. On the basis of the calculated energy band positions, 

the mechanisms of enhanced photocatalytic activity for the composites were 

discussed; the enhanced activity is attributed to the effective separation of electron-

hole pairs due to the formation of heterojunctions between the two 

semiconductors, which allows for better photocatalytic activity for the production 

of hydrogen gas via water splitting under visible light irradiation. 
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Abstract 

 Semiconductor heterojunctions (composites) have been shown to be effective 

photocatalytic materials to overcome the drawbacks of low photocatalytic efficiency that 

results from electron-hole recombination and narrow photo-response range.  A novel 

visible-light-driven Bi2O3/WO3 heterojunction photocatalyst was prepared by 

hydrothermal synthesis. The composite was characterized by scanning transmission 

electron microscopy (STEM), scanning electron microscopy (SEM), Powder X-ray 

diffraction (PXRD), X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller 

(BET) surface area, Raman spectroscopy, photoluminescence spectroscopy (PL) and 

electrochemical impedance spectroscopy (EIS) to better understand the structures, 

compositions, morphologies and optical properties. Bi2O3/WO3 heterojunction was found 

to exhibit significantly higher photocatalytic activity towards the decomposition of 

Rhodamine B (RhB) and 4-nitroaniline (4-NA) under visible light irradiation compared 

to that of Bi2O3 and WO3. A tentative mechanism for the enhanced photocatalytic activity 

of the heterostructured composite is discussed based on observed activity, band position 

calculations, photoluminescence, and electrochemical impedance data. The present study 

provides a new strategy for the design of composite materials with enhanced visible light 

photocatalytic performance. 
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7.1 Introduction  

 Semiconductor-based photocatalysis is receiving a tremendous amount of interest 

as a promising green technology for both renewable energy production and 

environmental remediation.1 After the discovery of titanium dioxide (TiO2) as an 

ultraviolet light active photocatalyst for water splitting and degradation of organic 

compounds in the early 1970’s, many other semiconductors have been studied as 

promising materials for energy generation and environmental applications.2 Nevertheless, 

most semiconductors studied as photocatalysts have wide band gaps, thus UVs, which 

represents only 5 % of solar radiation, is required for the generation of electron-hole pairs 

necessary for redox processes at the surface of the semiconductors. The ideal 

photocatalyst should function in the visible light region with bandgaps less than 3 eV to 

maximize the use of solar light.3 Thus, significant efforts have been made to develop new 

or modified semiconductor photocatalysts that are visible-light active. The common band 

gap engineering approach involves metal and/or non-metal doping.4–6 In most cases, 

doping tunes the band edge potentials of parent material to enhance visible light 

absorption efficiency. However, doping was found to affect the catalytic activity under 

visible light and/or UV light due to the introduction of extra energy levels in doped 

material, which serves as electron/hole recombination sites.7 In addition to doping, 

several strategies are described in the literature to inhibit charge carrier recombination.5,8 

One of the most common approaches is to intimately combine two suitable 

semiconductors to form composites also referred to as heterojunctions. Composite 

photocatalysts were introduced to maximize lifetime of the photogenerated electron-hole 

charge carriers (i.e. minimize recombination rate) as well as maximize visible light 
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activity. In general, it is believed that properly designed heterostructured systems can be 

used to separate the photogenerated electron–hole pairs, thus reducing their 

recombination rate and increasing their lifetime so they can diffuse to the surface and be 

effectively involved in redox processes.9  

 In this context, tungsten oxide (WO3) has attracted considerable attention for use 

in different energy conversion devices due to its low band gap, high resistance against 

photo-corrosion and good chemical stability in a wide pH range under solar 

illumination.10–14 However, WO3 exhibits poor photocatalytic activity under visible light 

due to its rapid electron–hole pair recombination.15,16 To improve its photocatalytic 

activity, several approaches have been employed such as noble metal deposition and 

fabrication of composite photocatalysts by coupling other semiconductors with WO3.
17–20 

Similarly, bismuth oxide (Bi2O3), another important semiconductor, has recently captured 

considerable attention due to its visible light activity, high refractive index, dielectric 

permittivity, and thermal stability. It has suitable band positions for water oxidation and 

has proved to be an excellent sensitizer to enhance the visible light activity of both UV 

and visible light active photocatalysts.21 The method for constructing heterostructured 

composites using bismuth oxide as a sensitizer has previously been demonstrated as an 

effective way to reduce photogenerated charge carrier recombination rate, as well as 

optical response extension towards visible light.22–27 Furthermore, the bismuth tungstate, 

Bi2WO6 which is formed by heating a mixture of Bi2O3 and WO3 in a 1/1 molar ratio at 

temperatures higher than 900 ○C was also reported to have good photocatalytic 

properties.28,29 Taking this into account, a composite of WO3 coated with Bi2O3 served as 

the basis for this study. Since WO3 and Bi2O3 are both visible light driven photocatalysts, 
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the Bi2O3/WO3 heterojunction was explored as a candidate for efficient photocatalytic 

activity under visible light. 

In this chapter, a novel visible light active Bi2O3/WO3 heterojunction was 

synthesized using a hydrothermal process. The 1/1 molar ratio was chosen with the 

rational that upon heating at a higher temperature, Bi2WO6 will be obtained and its 

photocatalytic properties can then be studied. The photocatalysts were characterized by 

PXRD, TGA/DSC, STEM, SEM-EDS, TEM, DRS, Raman, PL, EIS, and BET. Their 

photocatalytic performance was evaluated using the photocatalytic reduction of 4-

nitroaniline (4-NA), and degradation of Rhodamine B (RhB) under visible light (  420 

nm). The heterostructured composite photocatalysts showed superior activity compared 

to pristine tungsten oxide, bismuth oxide, and ternary bismuth tungstate. A possible 

mechanism for the enhancement of photocatalytic activity of Bi2O3/WO3 heterojunction 

is proposed using band position calculations, electrochemical impedance, and 

photoluminescence data.   

7.2 Experimental section 

All chemicals used were analytical grade reagents and were used as received: 

Sodium tungstate (Na2WO4·2H2O, 99.7%, J.T. Baker Chemicals, USA), Bismuth nitrate 

(Bi(NO3)3·5H2O, 99%, Johnson Matthey Electronics, USA), Hexadecyl-trimethyl 

ammonium bromide (CTAB, 98%, Alfa Aesar, UK), Ethylene glycol (C2H6O2, EG, 

>95%, Fisher Scientific, USA), Glycerol (C3H8O3, 99.5%, Fisher Scientific, USA),

hydrochloric acid (HCl, Fisher Scientific, USA). 
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7.2.1 Synthesis of WO3 nanoparticles 

WO3 nanoparticles were prepared according to a previously reported method with 

some modifications.30 In a typical procedure, 1.0 g (3.03 mmol) of Na2WO4·2H2O was 

dissolved in 10 mL of distilled water. 0.25 g (0.68 mmol) of CTAB was added to 5 mL of 

distilled water to make a clear solution. Subsequently, the two solutions were combined 

to obtain a clear solution. A yellow dispersion was formed after conc. HCl (3 mL) was 

added dropwise under constant magnetic stirring for 30 min. The yellow slurry was 

heated at 70 ○C for 3 hours to obtain a yellow solid which was filtered, washed with 

deionized water and ethanol before drying under vacuum at 60 ○C. The final dry mass 

was calcined at 400 ○C for 4 hours to obtain pure WO3 nanoparticles as confirmed by 

PXRD. 

7.2.2 Synthesis of Bi2O3/WO3 heterojunction and ternary oxide, Bi2WO6 

To obtain the composite, 2 mmol (0.97 g) of Bi(NO3)3·5H2O was dissolved in a 

60 ml mixture of water, glycerol and ethylene glycol (1:1:1) under constant magnetic 

stirring to obtain a clear solution. 1 mmol (0.23 g) of WO3 nanoparticles were then added 

while stirring. The mixture was sonicated for 30 min, then transferred to a Teflon-lined 

stainless steel autoclave with an inner volume capacity of 100 mL. The autoclave was 

sealed and placed in an oven at 160 ○C for 5 h to deposit Bi2O3 over WO3. The solid 

obtained was separated by filtration and washed with distilled water and pure ethanol to 

remove any organics and dried under vacuum at 60 ○C. A bright yellow Bi2O3/WO3 

heterojunction was obtained after calcination at 400 ○C for 2 hours (0.68 g, ~ 97 % yield 

based on the weight of bismuth nitrate and WO3 used). Pure Bi2O3 was also prepared 
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similarly without adding WO3. A portion of the composite was calcined at 900 ○C to 

obtain bismuth tungstate, Bi2WO6 as confirmed by PXRD.   

To evaluate the role of heterojunction in the photocatalytic activity of Bi2O3/WO3 

heterojunction photocatalysts, a mechanically mixed Bi2O3 and WO3 sample (blend) with 

1 to 1 molar ratio was also prepared. 

7.2.3 Characterization of catalysts 

Bi2O3, WO3, Bi2O3/WO3 heterojunction, and Bi2WO6, compounds were 

characterized by powder X-ray diffraction (PXRD) using a Bruker D8 diffractometer 

equipped with CuKα radiation (λ = 1.5418 Å) in the range of 2 = 10–60°. The 

morphologies and structures of the obtained samples were determined with a SEM using 

a Hitachi S-4800 FEG-SEM at 5 KV and a scanning transmission electron microscope 

(STEM, JEOL 2200-FS) with aberration corrected at 200 KV. The chemical composition 

of the samples was determined by an X-ray energy dispersion spectrometer (EDS, Bruker 

X-Flash, 30 mm2 SDD) attached to the STEM. X-ray photoelectron spectroscopy (XPS)

was performed using a Perkin-Elmer PHI 570 ESCA/SAM System with an Al Kα source 

operating at 15 kV and 300 W power output to probe the elemental composition of the 

surface. Diffuse reflectance UV-vis spectra were collected on a Cary 5000 instrument 

equipped with a praying mantis kit in the range of 200 to 800 nm.  Differential scanning 

calorimetry (DSC) and thermogravimetric analysis (TGA) were performed on an SDT-

Q600 (TA instrument, USA) from 32-1000 ○C under air flow and a heating rate of 10 

○C/min. Nitrogen adsorption–desorption isotherms at 77 K were investigated using an

autosorb-iQ instrument from Quantachrome. Raman scattering was collected on a triple 
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Raman spectrometer (Princeton Instruments Acton Trivista-555) customized with an 

ellipsoidal mirror and directed by a fiber optics bundle (Princeton Instruments) using a 

532 nm laser source. Photoluminescence (PL) spectra were measured on the dual grating 

Fluorometer-3T (JY Horiba), with right angle configuration of excitation and detection. 

The excitation was made with 300 nm monochromatic light, with slits on the excitation 

and detection monochromators set at 5 nm. Electrochemical Impedance Spectroscopy 

(EIS) measurements were conducted with a Gamry 3000 electrochemical workstation.  

The Spectra were collected using the conventional three-electrode system consisting of a 

modified indium-tin oxide (ITO) glass as the working electrode, Ag/AgCl as the 

reference electrode, and a platinum wire as the counter electrodes.  The EIS 

measurements were performed between 100kHz – 0.1 Hz at 0.25 V in a 0.1 M KCl 

solution with 5 mM Fe(CN)6
3-/ Fe(CN)6

4- with an amplitude of 10 mV.  The modified 

ITO working electrode was prepared by dispersing 7 mg of each photocatalyst sample in 

1.0 mL of 18.2 Milli-Q water, dripping 80 μL of the slurry on ITO glass (dimensions: 1 

cm × 1 cm), and drying the modified ITO working electrode in a vacuum oven at 60 °C 

for 5 hours prior to the measurement.   

 

7.2.4 Photocatalytic evaluation 

 The photocatalytic activity of the catalysts was evaluated by measuring the 

photocatalytic reduction of 4-nitroaniline (4-NA) and photocatalytic degradation rate of 

Rhodamine B (RhB) and under visible light irradiation. In a typical experiment, 80 mg of 

photocatalyst was dispersed in 50 mL of 4-NA aqueous solution (10 ppm) or RhB 

aqueous solution (10 ppm) in an 80 mL capacity quartz glass photo-reactor cell. The 
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suspension was stirred in the dark for 30 min before turning on the lamp to establish an 

adsorption–desorption equilibrium. A 300 W Xenon lamp equipped with a UV cut-off 

filter (λ  ≥  420 nm) was used as a source of visible light.  The degradation of 4-NA was 

performed under nitrogen (flow rate of 50 mL/min) in the presence of 10 mg of 

ammonium oxalate. 1 mL of the suspension was withdrawn at predetermined time 

intervals (30 min. or 60 min.) and the catalyst was separated by centrifugation. The 

change in 4-NA and RhB concentrations were monitored using an Agilent-8453 UV-Vis 

spectrometer at λ = 380 nm (for 4-NA) and λ = 553 nm (for RhB). In order to detect the 

active species generated in the photocatalytic process, the scavengers, including disodium 

ethylene diamine tetra acetate (Na2-EDTA), 1,4-benzoquinone (BQ) and isopropyl 

alcohol (IPA) were added as quenchers of holes (h+), superoxide radicals (•O2
−), and 

hydroxyl radicals (•OH) respectively. All the experiments with scavengers were 

conducted in a similar manner of RhB degradation using Bi2O3/WO3 heterojunction 

photocatalyst (80 mg) using visible light as explained above. Fresh RhB solutions were 

replaced in each experiment. The effects of scavengers were concluded based on the 

percentage degradation of RhB by Bi2O3/WO3 heterojunction photocatalyst in 3 hours of 

visible light (λ  ≥  420 nm)  irradiation. 

7.3 Results and discussions 

7.3.1 Characterization of photocatalysts 

The identity and purity of prepared WO3, Bi2O3, Bi2O3/WO3 heterojunction, and 

Bi2WO6 were determined using PXRD as shown in Figure 7.1. PXRD data indicate that 
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the observed diffraction peaks of Bi2O3/WO3 sample are in good agreement with those of 

monoclinic WO3 (JCPDS-072-0677) and monoclinic Bi2O3 (JCPDS-070-8243). No 

additional peaks were observed, as confirmed by comparing Figure 7.1a-c. The 

Bi2O3/WO3 heterojunction exhibits peaks from both Bi2O3 and WO3 without any 

impurity peak.  Figure 7.1d corresponds to the orthorhombic phase of Bi2WO6 (JCPDS-

079-2381). The refined lattice parameters along with space groups of Bi2O3, WO3, and 

Bi2WO6 are summarized in Table 7.1. 
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Figure 7.1: PXRD patterns of (a) WO3, (b) Bi2O3, (c) Bi2O3/WO3 heterojunction and (d) 

Bi2WO6.
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 To further examine the Bi2O3/WO3 heterojunction, the morphology and 

microstructure were investigated by electron microscopy. SEM images of the Bi2O3/WO3 

heterojunction are shown in Figure 7.2a and 7.2b with different resolutions. SEM images 

revealed that the composite calcined at 400 ○C consists of elongated and spherical shapes 

particles, approximately 40-60 nm. Also, cauliflower-like microstructures with 200-300 

nm in size is evenly distributed in the sample.  

Table 7.1: Crystal structure representation, refined lattice parameters, band gaps and 

color of Bi2O3, WO3 and Bi2WO6. 

Sample  Bi2O3 WO3 Bi2WO6 

Crystal system monoclinic monoclinic orthorhombic 

Crystal 

structure 

representation  

 

 

Space group P 21/c P 21/n P ca21 

Refined lattice 

parameters 

a = 5.8481(2) Å 

b = 8.1651(2) Å 

c = 7.50921(3) Å 

β = 113.57(2) ○ 

a = 7.3124(4) Å 

b = 7.5294(3) Å 

c =7.6924(2) Å 

β = 90.658(3) ○ 

a = 5.4443(8) Å 

b = 16.4391(7) Å 

c = 5.4603(2) Å 

 

Band gaps 2.80 eV 2.78 eV 2.93 eV 

Color yellow yellow white 
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Figure 7.2: (a) and (b) SEM images of the Bi2O3/WO3 heterojunction. 

To further confirm the heterojunction, the samples were characterized by STEM 

analysis. The STEM study of pure samples (Figure 7.3a and 7.3b) shows that the as-

prepared Bi2O3 has spherical morphology with a particle size between 70 and 90 nm, 

while the as-synthesized WO3 is a mixture of spherical and needle shaped particles with a 

size between 40 and 60 nm. STEM images of Bi2O3/WO3 heterojunction as shown in 

Figure 7.3c-f show cauliflower-like structures (200-300 nm in size) as well as smaller 

particles (40-60 nm) evenly distributed throughout the composite. STEM-EDX mapping 

(Figure 7.3f-h) on Bi2O3/WO3 heterojunction microcrystalline powders show that 

tungsten and bismuth are evenly distributed throughout the composite. In addition to the 

even distribution of the two oxides, elemental mapping clearly shows that the 

cauliflower-like structures contain more bismuth oxide, while the rod-like and spherical 

particles contain more tungsten oxide than bismuth oxide. The observed lattice fringes 

with an inter-planar spacing of 0.325 and 0.361 nm calculated from high-resolution 

STEM images (Figure 7.3e) correspond to the (120) interplanar distance of the 
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monoclinic phase of Bi2O3 and the (200) interplanar spacing of the monoclinic phase of 

WO3 respectively. This result is consistent with that obtained from the PXRD analysis 

shown in Figure 7.1.  

 

 

Figure 7.3: STEM images of (a) Bi2O3, (b) WO3, (c, d, e and f) Bi2O3/WO3 

heterojunction, and (g, h) STEM mapping analysis for the composite shown in (f), Bi 

(green) and W (red).  

 Diffuse reflectance UV-Vis spectra of Bi2O3, WO3, Bi2O3/WO3 heterojunction, and 

Bi2WO6 (Figure 7.4) display photo-absorption properties at a wavelength shorter than 

443 nm, 447 nm, 446 nm and 423 nm, respectively. This clearly demonstrates that the 

composite and other studied catalysts had potential applications in the visible light region 

(λ  ≥  420 nm). The bandgap energy of a semiconductor may be calculated from Equation 

7.1.31 

ahv = A(hv − Eg)n/2        (7.1) 
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where α, h, ν, Eg and A are the absorption coefficient, the Planck’s constant, the light 

frequency, band gap energy, and a proportionality constant, respectively. The exponent n 

is determined by the type of optical transition of a semiconductor (n = 1 for direct 

transition and n = 4 for indirect transition). Thus, the band-gap energies (Eg) of the 

samples could be estimated from plots of (ahv)2/n versus the photon energy (hv). The 

value of n is taken as 1 for Bi2O3, and Bi2WO6 and 4 for WO3.
32–36 In the case of 

Bi2O3/WO3 heterojunction, n=4 was used, assuming that the composite was an indirect 

band gap semiconductor. From the plot of (ahv)2/n versus (hv) (Figure 7.4b), the band gap 

of Bi2O3, WO3, Bi2O3/WO3 heterojunction, and Bi2WO6 were determined to be 2.80 eV, 

2.77 eV, 2.78 eV, and 2.93 eV, respectively. 
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Figure 7.4: (a) Diffuse reflectance spectra of the composite, its components, and ternary 

oxide, Bi2WO6; (b) Plot of (αh)2/n vs energy (h) for the determination of the band gap 

energy of WO3, Bi2O3, and Bi2WO6. The extrapolation of the (αhν)2/n vs. (hν) plot on the 

x-intercepts gives optical band gaps.  
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Figure 7.5: TGA and DSC data of the Bi2O3/WO3 heterojunction.  

 The DSC-TGA curves of Bi2O3/WO3 heterojunction (Figure 7.5) show a major 

weight loss (approx. 10.5 %) before 400 ○C, which can be attributed to dehydration and 

thermal decomposition of residual organic molecules present in the precursors used 

during the synthesis of the Bi2O3/WO3 heterojunction. The DSC curve of the as prepared 

Bi2O3/WO3 heterojunction shows three major endothermic peaks at 250 ○C, 320 ○C and 

360 ○C which may be assigned to loss of organics to form the Bi2O3/WO3 heterojunction. 

Another endothermic peak at 830 ○C is attributed to the formation and crystallization of 

Bi2WO6. Based on the DSC-TGA data, the as prepared heterojunction was calcined first 

at 400 ○C to form the heterojunction, and at 900 ○C to obtain Bi2WO6. The identity of the 

phases obtained was confirmed by PXRD as shown in Figure 7.1. The formation of pure 

ternary phase (Bi2WO6) from the heterojunction further supports the 1 to 1 molar ratio of 

Bi2O3 and WO3 in heterojunction (Equation 7.2).  
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Bi2O3 + WO3  Bi2WO6        (7.2) 

 

0 200 400 600 800 1000

O
K

LL

W
4

p
B

i4
d

C
1

s

O
1

s

W
4d

B
i4

f

W
4fB

i5
d

C
o

u
n

ts
 (

a.
u

.)

Binding Energy (eV)

(a)

   
158 160 162 164 166 168 170

165.12 eV
160.20 eV

Bi 4f
5/2

Bi
2
O

3
/WO

3

C
o

u
n

ts
 (

a
.u

.)

Binding Energy (eV)

Bi
2
O

3

WO
3

Bi 4f
7/2

160.90 eV

165.95 eV

(b)

 

36 38 40 42 44 46

38.4 eV

WO
3

Bi
2
O

3
/WO

3

Bi
2
O

3

C
o

u
n

ts
 (

a
.u

.)

Binding energy (eV)

W 4f
7

38.7 eV
(c)

 

Figure 7.6: (a) XPS survey spectra for Bi2O3/WO3heterojunction. High-resolution XPS 

spectra of (b) Bi 4f and  (c) W 4f.  

 XPS spectra of Bi2O3, WO3, and Bi2O3/WO3 heterojunction (Figure 7.6) indicate 

the presence of W, O, and Bi in the Bi2O3/WO3 heterojunction. The binding energy of the 

WO3 sample was found to be about 38.7 eV, which corresponds to 4f7/2 of W(VI).37,38 

The two peaks observed at 160.09 and 165.80 eV correspond to the 4f7/2  and 4f5/2 of 

Bi(III), respectively, and are consistent with previously reported binding energies for 
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Bi2O3.
39,40 The binding energies of bismuth and tungsten in the heterojunction are slightly 

shifted when compared to those found in pure samples, which may be attributed to the 

intimate contact between the Bi2O3 and WO3 particles.41  
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Figure 7.7: Nitrogen adsorption–desorption isotherm for different catalysts. 

BET surface area measurements were collected for all samples using nitrogen 

adsorption–desorption isotherms as shown in Figure 7.7. The results indicate that the 

specific surface area of heterojunction (8.27 m2/g) is slightly smaller than that of WO3 

(10.79 m2/g), which may be due to particles agglomeration upon calcination. On the other 

hand, the surface area of heterojunction is higher than that of pure Bi2O3 (6.46 m2/g). The 

specific surface area of bismuth tungstate (0.74 m2/g) is also small due to aggregation of 

Bi2WO6 particles upon calcination at 900 ○C.  
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Figure 7.8: Raman spectra of Bi2O3, WO3, Bi2O3/WO3 heterojunction, and Bi2WO6. 

 Raman spectroscopy of WO3, Bi2O3, Bi2O3/WO3 heterojunction and Bi2WO6 

(Figure 7.8) was performed to determine the changes of vibrational modes of Bi2O3 and 

WO3 in the composite. The Raman data for the pure WO3 sample has absorption bands at 

276 and 332 cm-1, which are attributed to W-O-W bending vibrational modes; two other 

bands observed at 720 and 811 cm-1 are assigned to W-O-W stretching vibrations.42 

Similarly, the bands observed at 283, 319 and 452 cm-1 are due to the presence of 

Bi2O3.
43,44 The Bi2O3/WO3 heterojunction contains only bands of pure Bi2O3 and WO3, 

which indicates that the composite consists of only these two oxides. Furthermore, the 

absorption becomes broader and weaker when WO3 is covered with Bi2O3 in the 

composite which suggests increased crystalline defects within the framework. Such 

defects may favor the capture of photo-generated electrons and inhibit charge carriers 

recombination.17 For Bi2WO6, the bands observed at 288, 311, 335, 723, 798, and 839 

cm-1 correspond to the orthorhombic phase of Bi2WO6.
45,46 
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7.3.2 Photocatalytic testing and proposed mechanism 

The photocatalytic activities of all synthesized compounds were evaluated under 

visible light illumination (  420 nm) by comparing the photocatalytic reduction 4-NA, 

and degradation efficiencies of RhB (Figure 7.9 and 7.10). Figure 7.9 shows the 

photocatalytic degradation of RhB by the Bi2O3/WO3 heterojunction under visible light 

irradiation. A decrease of RhB absorption intensity at wavelength 553 nm is observed.  
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Figure 7.9: Changes in UV-Vis absorbance spectra of RhB during photocatalysis by 

Bi2O3/WO3 heterojunction (Inset: color changes during the photocatalysis process). 

Figure 7.10a shows the photocatalytic degradation efficiency of RhB with 

different catalysts under visible light irradiation. In the absence of photocatalyst, 

photolysis of RhB is negligible. Pure Bi2O3 and pure WO3 can degrade RhB by 38.07 % 

and 41.37% in 180 min, respectively, while the ternary oxide Bi2WO6 only degraded 

27.15% of RhB when irradiated by visible light for the same period of time.  In contrast, 
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76.67% of RhB decomposed after 180 min visible light irradiation in the presence of 

Bi2O3/WO3 heterojunction.  
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Figure 7.10: Photocatalytic degradation efficiency using different catalysts activities of 

different catalysts under visible light irradiation; (a) RhB and (b) 4-NA 

The Bi2O3/WO3 heterojunction exhibited significantly higher photocatalytic 

activity compared to pure Bi2O3, pure WO3, and Bi2WO6.  For 4-nitroanilne (4-NA), 60% 

of 4-NA decomposed after five hours irradiation by visible light in the presence of the 

Bi2O3/WO3 heterojunction, compared to only 18%, 25%, and 15% when equal amounts 

of Bi2O3, WO3, and Bi2WO6 were used respectively (Figure 7.10b). This result clearly 

indicates that the Bi2O3/WO3 heterojunction composite photocatalyst possesses superior 

photocatalytic capability in comparison to individual components as well as the ternary 

oxide. It is notable that blend sample (physically mixed) did not show notable enhanced 

photocatalytic activity as compared to Bi2O3/WO3 heterojunction. This implies that there 

might be some interaction between Bi2O3 and WO3 in Bi2O3/WO3 heterojunction sample, 

which played important role in improving the photocatalytic activity. 
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The degradations of RhB and 4-NA agree with pseudo-first order kinetics. Their 

photocatalytic degradation can be described by Equation 7.3. 

ln (C○/C) = -kt   (7.3) 

where C○ is the initial concentration of RhB (or 4-NA), C is the concentration of RhB (or 

4-NA) at time t, and k is the rate constant. The corresponding rate constants (k) were

calculated and are reported in Table 7.2. Under the same experimental conditions, the rate 

constant of RhB degradation with the Bi2O3/WO3 heterojunction was determined to be 

3.12 times larger than that of pristine Bi2O3 and 2.78 times that of WO3. Similarly, the 

rate constant of 4-NA degradation with Bi2O3/WO3 heterojunction was found to be 4.32 

times as large as that of pure Bi2O3 and 3.32 times that of WO3. The rate constants for the 

composites are 4.33 and 5.24 times greater than that of Bi2WO6 for the degradation of 

RhB and 4-NA, respectively. It is also clear that the rate constants for composites are 

higher than those of physically mixed blend sample.  

The stability of Bi2O3/WO3 heterojunction was further investigated by recycling 

the photocatalyst for RhB degradation under visible light irradiation for 3 hours. During 

this stability test, fresh RhB solution was used after each cycle of the photocatalytic 

experiment. The results are displayed in Figure 7.11a. After five cycles, the 

photocatalytic ability of the Bi2O3/WO3 heterojunction was virtually unchanged (declined 

by only 1.87%), indicating that the Bi2O3/WO3 heterojunction photocatalyst possesses 

excellent photocatalytic stability and recyclability. Furthermore, PXRD analyses of the 

Bi2O3/WO3 heterojunction photocatalyst before and after the reaction (4-NA degradation) 
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shown in Figure 7.11b, clearly indicate that the Bi2O3/WO3 heterojunction is photo- and 

chemically stable.   

Table 7.2: Pseudo-first order rate constants for photocatalytic degradation process of 

RhB or 4-NA under visible light irradiation (  420 nm). 

Sample RhB degradation Rate constants 

(min-1) 

4-NA degradation Rate constants

(h-1) 

Bi2O3 0.025 0.040 

WO3 0.028 0.052 

Bi2WO6 0.018 0.033 

Bi2O3/WO3 0.078 0.173 

blend 0.030 0.053 

In the photocatalytic processes, a series of photoinduced reactive species, 

including h+, •OH or •O2
−, directly take part in the redox process after the electron–hole 

pairs are generated. The electron can be trapped by molecular oxygen to produce the 

superoxide radical (•O2
−), which acts as a strong oxidant to degrade dye molecules. In the 

photocatalytic degradation of RhB using Bi2O3, WO3, Bi2O3/WO3 heterojunction, or 

Bi2WO6, the generation of hydroxyl radicals (•OH) is almost impossible because the 

valence band position of these catalysts lies much higher than the energy of •OH/OH- 

(1.99 eV). Hence, the photocatalytic degradation of RhB is primarily caused by 

superoxide radicals and photogenerated holes.47  
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Figure 7.11: Photocatalyst stability. (a) Cycling runs of Bi2O3/WO3 heterojunction under 

visible light irradiation for 3 hours; (b) XRD patterns of Bi2O3/WO3 heterojunction 

before and after photocatalytic degradation of 4-nitroaniline (4-NA).

In order to survey the active species in the photodegradation process of RhB over 

Bi2O3/WO3 heterojunction, the trapping experiments were conducted. Various 

scavengers, including benzoquinone (BQ), the disodium salt of the ethylene diamine tetra 

acetic acid (Na2-EDTA) and isopropanol (IPA) were added to as the quenchers of 

superoxide radicals (•O2
−), holes (h+) and hydroxyl radicals (•OH) respectively.41,48 From 

Table 3, it can be found that degradation efficiency of RhB was slightly affected by the 

addition of IPA. On the other hand, the degradation efficiency is significantly inhibited 

by the addition of BQ and Na2-EDTA. These results indicated that superoxide radicals 

(•O2
−) and holes (h+) are the main active species in the degradation of RhB.49 
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Table 7.3: Photocatalytic degradation efficiencies for RhB over the Bi2O3/WO3 

heterojunction photocatalyst (80 mg) with the addition of scavengers BQ (5 mg), Na2-

EDTA (5 mg) and IPA (2.0 mL).  The detail of photocatalytic tests using scavengers is 

given in experimental section.  

Scavengers RhB degradation in 3 hours of visible 

light irradiation 

None 76 % 

BQ 32 % 

Na2-EDTA 20 % 

IPA 73 % 

Similarly, the degradation of 4-NA also follows the same pathway except for that 

generation of the superoxide radical (•O2
−) is unlikely because the experiment was 

conducted under nitrogen flow. Hence, the photogenerated holes (h+) located in the 

valence band of the catalysts are solely responsible for 4-NA degradation. These holes 

(h+) can produce active carbon-dioxide anion radical (•CO2
-) in the presence of oxalate 

(C2O4
2-) ion (Equation 7.4). These •CO2

- radical anions have a strong reductive ability and 

hence can reduce 4-NA.50–52  

C2O4
2- + h+  CO2+ •CO2

-                 (7.4) 

To better understand the mechanism of the enhanced photocatalytic activity of the 

Bi2O3/WO3 heterojunction, the relative band positions of the two semiconductors were 

determined since the band-edge potential levels play a crucial role in determining the 
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pathway of the photogenerated charge carriers in a heterojunction. The conduction band 

(CB) bottoms (ECB) were calculated empirically according to Equation 7.5.53–55   

ECB = X− 0.5 Eg + E○   (7.5) 

where Eg is the bandgap energy of the semiconductor, E○ is a scale factor relating the 

reference electrode’s redox level to the absolute vacuum scale (E○ = −4.5 eV for normal 

hydrogen electrode), and Х is the electronegativity of the semiconductor, which can be 

expressed as the geometric mean of the absolute electronegativity of the constituent 

atoms. The Х values for Bi2O3, WO3, and Bi2WO6 were calculated to be 6.23, 6.59 and 

6.36, respectively, and the band gap energies of Bi2O3, WO3 and Bi2WO6 were 

determined to be 2.80 eV, 2.78 eV, and 2.95 eV, respectively (Figure 7.4 and Table 7.1). 

Using equation (7.5) above, the conduction band bottom (ECB) of, Bi2O3, WO3 and 

Bi2WO6 were calculated to be 0.33 eV, 0.70 eV, and 0.38 eV, respectively. 

Correspondingly, the valence band tops (EVB) were calculated to be 3.13 eV, 3.48 eV, and 

3.33 eV. Because of the small band gaps in Bi2O3 and WO3, both are excited using 

visible light (  420 nm) and corresponding photo-induced electrons and holes are 

generated in each component of the composite. Photogenerated electrons can be injected 

from the conduction band of Bi2O3 to the conduction band of WO3 because of the 

intimate contact between the two semiconductors. Simultaneously, holes generated in the 

valence band of WO3 can be transferred to that of Bi2O3 because of the relative band 

positions (Figure 7.12). Thus, the photo-generated charge carriers are efficiently 

separated and their recombination rate is significantly reduced.8,9,35,56,57 
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Figure 7.12: Scheme for electron-hole separation and transport at the visible light driven 

Bi2O3/WO3 heterojunction photocatalyst with calculated band positions.

In order to investigate the lifetime of the photogenerated electron-hole pairs, 

photoluminescence (PL) experiments were carried out on all prepared phases. PL spectra 

are related to the transfer behavior of the photogenerated electrons and holes. In PL 

experiment, the electrons are excited to CB (or sub-bands) from VB at the certain 

excitation wavelength. These electrons may go back to VB giving rise to PL signal. High 

photoluminescence intensity is generally considered to reflect a high recombination rate 

of charge carriers.41,58–60 Figure 7.13 shows the PL spectra for Bi2O3, WO3, Bi2O3/WO3 

heterojunction and Bi2WO6 with an excitation wavelength of 300 nm. The main emission 

peak is centered at about 400-440 nm for all samples. The PL emission intensity of the 

composite Bi2O3/WO3 is significantly smaller compared to that of the precursors Bi2O3, 

WO3, and ternary Bi2WO6.  The PL emission intensity was found to be in the order 

Bi2O3/WO3<WO3<Bi2O3<Bi2WO6.
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Figure 7.13: Photoluminescence (PL) spectra for Bi2O3, WO3, Bi2O3/WO3 heterojunction 

and Bi2WO6.
  

 In addition to the PL study, we have also conducted electrochemical impedance 

spectra (EIS) to understand the migration and transfer process of photogenerated electron 

and holes. From Figure 7.14, it could be seen that the diameter of the Nyquist circle of 

the composite was significantly lower than that of the pristine Bi2O3 or WO3 and ternary 

oxide (Bi2WO6). The smaller diameter of the arc implied lower resistance occurred on the 

surface of the electrode.31,41,48,61  This result further demonstrates that introduction of 

Bi2O3 into WO3 can enhance the separation and transfer efficiency of photogenerated 

electron and holes, which is favorable for enhancing the photocatalytic activity. The 

results from EIS are consistent with PL. These results suggest that the composite has a 

much lower recombination rate of photogenerated charge carriers, consistent with the 

observed higher photocatalytic activity.  
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Figure 7.14: Electrochemical Impedance Spectra of Bi2O3, WO3, and Bi2O3/WO3. 

7.4 Conclusions 

 In summary, Bi2O3/WO3 heterojunction photocatalyst fabricated via a 

hydrothermal method and its catalytic activity for RhB and 4-NA degradation was 

studied and compared to that of individual components and ternary oxide Bi2WO6. The 

highest degradation efficiency was achieved for the Bi2O3/WO3 heterojunction, which 

induced 76.67% degradation of RhB within 3 h and 60% degradation of 4-NA within 5 h 

under visible light irradiation, while pure WO3 (and Bi2O3) led to 41.37%  (38.07%) 

degradation of RhB and  17.03% (23.9%) degradation of 4-NA within the same time 

period. Similarly, only 27.15% of RhB and 15% of 4-NA decomposed in the same time 

period when using Bi2WO6 under visible light irradiation. The enhanced activity is 

attributed to the effective separation of electron−hole pairs in the composite giving the 

synergetic effects between Bi2O3 and WO3. Based upon the band positions, 

photoluminescence and electrochemical impedance data, a simple mechanism has been 
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proposed that provides new insights for the fabrication of composite materials that have 

enhanced photocatalytic performance under visible light thus maximizing the use of solar 

energy.  
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CHAPTER 8 CONCLUSION AND FUTURE WORK 



225  

8.1 Concluding comments  

 With an increasing demand for energy along with environmental concerns caused 

by the use of fossil fuels, finding efficient energy source remains a great challenge. 

Photocatalytic water splitting using semiconductors to generate hydrogen has been 

extensively performed worldwide to find the solutions related to the limited source of 

fossil fuel as well as the environmental concerns caused by its use. Although there are 

several reports out there related to photocatalytic water splitting to generate hydrogen, 

most of the systems studied thus far either requires energy intense UV light or have low 

activity due to recombination of photogenerated species. To overcome the drawbacks of 

fast charge recombination and limited visible light absorption, many strategies have been 

developed in the past few decades. Out of these strategies, constructing a heterojunction 

using two or more semiconductors is most widely used. This dissertation explored 

multiple aspects of constructing and using heterojunction photocatalysts towards water 

splitting to generate hydrogen. The two major objectives of this research were to prepare 

visible light active heterojunction photocatalysts and study their performance toward 

solar fuel generation or environmental remediation. The outlined objectives were 

successfully achieved by studying five different visible light active semiconductor 

heterojunctions. The major outcomes of this dissertation research are outlined as below: 

 

1. This thesis clearly showed different aspects of designing the heterojunction 

photocatalysts applicable of using visible light. Chapter 2 gives a clear understanding of 

the different possible types of visible light active heterojunction designs using two 

different semiconductors.  
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2. Other chapters (3 to 6) explained the design, synthesis, characterization and

photocatalyst water splitting of different types of heterojunctions described in chapter 2. 

The mechanisms for enhanced photocatalytic activities observed in the heterojunctions 

studied were proposed and experimentally confirmed using different techniques like PL, 

TRPL, and EIS. 

3. In chapter 3, the g-C3N4/Sr2Nb2O7 (CN/SNO) heterojunction has been described

and showed great performance as a photocatalyst in water reduction to generate 

hydrogen. The layered nature of both components and intimate contact between them 

during the synthesis made them excellent photocatalysts under visible light irradiation. It 

was also observed that photocatalytic hydrogen production increased when the 

heterojunction was made with g-C3N4 (CN) and N-doped Sr2Nb2O7 (SNON-X) in chapter 

4. This can be explained on the basis of involvement of both the components of the

heterojunction in absorption and charge carrier separation in CN/SNON-600 or 

CN/SNON-700, while only CN is responsible for light absorption in the CN/SNO 

heterojunction. 

4. The heterojunction made by g-C3N4 and metastable oxide, SrTa2O6, was prepared

using the chemie douce (soft chemistry) method in chapter 5. The heterojunction, g-

C3N4/SrTa2O6 showed better performance in photocatalytic water reduction in 

comparison to pristine g-C3N4 under visible light irradiation. The enhancement can be 

explained on the basis of efficient charge separation in the interface created by intimate 

contact of C3N4 and SrTa2O6.  

5. In chapter 6, the heterojunction made by Bi2O3 and TaON or Ta3N5 showed good

activity for hydrogen generation from water. This fact was explained on the basis of band 
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positions and band gaps of the individual components of the heterojunction. The 

enhanced activity for Bi2O3/TaON or Bi2O3/Ta3N5 heterojunction was explained on the 

basis of the Z-scheme mechanism.  

6. The scope of this dissertation was extended towards organic molecule degradation

using a heterojunction formed from Bi2O3 and WO3 in chapter 7. This heterojunction 

showed better photocatalytic activity for RhB and 4-NA degradation under visible light 

irradiation in comparison to that of the individual components.  The enhancement was 

explained on the basis of efficient charge separation in the heterojunction so that the 

recombination rate was lowered.  

8.2 Recommendation for future work 

This dissertation has described multiple heterojunction materials towards 

photocatalytic applications. With research, there is always scope for improvements. 

Hence here are some recommendations to optimize and improve on the heterojunction 

materials described in this dissertation include following: 

1. This dissertation focused on the photocatalytic activity of hydrogen generation

under visible light irradiation. In order for heterojunctions to have enhanced 

photocatalytic activity relative to their individual components, photogenerated carriers 

need to move from one component to the other with retardation in their recombination 

rate so that they can transfer towards the surface easily to participate in surface chemical 

reactions, The proposed mechanisms for enhanced activity of different heterojunctions 
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studied in this dissertation were based on observed activity, band gap as well as band 

positions, supported by characterization studies involving PL, EIS, etc. However, all of 

these characterization techniques do not involve in–situ study during the photocatalytic 

process like hydrogen evolution from water splitting. This technique may help to 

understand the real mechanism during hydrogen generation. Hence, real-time analysis of 

hydrogen generation (or other activity tests) is still required to better understand 

heterojunctions by giving the proper understanding of retardation of recombination rate 

during the heterojunction formation. 

2. This dissertation was focused on the design and use of heterojunctions for

hydrogen generation or organic molecule degradation only. Based on the band gaps and 

band positions of the heterojunctions studied in this dissertation, the systems like 

CN/SNO, CN/SNON-X, and CN/STO could be applied for other photocatalytic tests like 

CO2 reduction. This can be explained on the basis of band positions for CO2 reduction. 

Although the CO2 reduction (to form methane or methanol or formic acid) potential lies 

above the water reduction potential in NHE, those systems would have sufficient CB 

electrons to be used for these specific reduction reactions. Hence, an extension of the 

scope of the research towards other applications is recommended. 

3. Although many efficient semiconductor-based composites have been developed

for effective charge separation with enhanced visible-light activity in the past few 

decades, most suffer from lack of facile and reproducible synthesis conditions to allow 

for better tuning of heterojunction composition, and thus properties. The presence of a 

small amount of impurity phases increases the recombination centers and diminishes 

charge separation.  Most studies including the one described in this dissertation have 



229 

focused only on band gaps and band positions because suppression of defect centers has 

proven to be a challenging endeavor. Thus, there should be a detailed investigation of 

effective ways to synthesize multi-junction composites with fewer or no defects to 

buttress charge separation for enhanced activity.  

4. Moreover, the heterojunctions fabricated in this and other current research are still

far away from being commercially available. Fundamental studies for material 

commercialization are required. 

Besides these recommendations, here are some steps and measures that require 

further attention for the design of heterojunctions for photocatalytic applications.  

1. Selection of materials: layered materials

In this dissertation, layered materials showed better performance in photocatalytic

activity compared to three-dimensional materials. Hence, the focus should be given to 

identifying, preparing and testing layered materials based heterojunctions. 

2. Suitable band positions: choosing the right combination of semiconductors

During the photocatalytic activity of a heterojunction, photogenerated charge

carriers move from one species to another resulting in charge separation, which is the 

crucial step for charge migration towards the surface to participate in the surface 

chemical reaction. Hence, band positions of the individual components of the 

heterojunction should be aligned in such a way that the photogenerated species can 

transfer from one to the other and to the surface without recombination.  

3. Proper synthetic methods: importance of developing synthesis methods that can

create good interactions at the interface

The heterojunction photocatalyst activity is based on the proper charge separation
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between the components and the photogenerated species need to migrate from one 

semiconductor to another semiconductor via the interface. Hence, proper intimate contact 

is needed for this migration to have efficient charge separation to minimize the 

recombination factor. The intimate contact can be achieved by the proper synthetic 

method.  
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A.1 Characterization techniques

The characterizations of as-synthesized photocatalysts samples were carried out 

using various analytical techniques. A concise background detailing the fundamentals of 

each technique is presented below: 

A.1.1 Powder X-ray diffraction (PXRD) analysis

PXRD is a non-destructive technique used for structural determination of powder 

or microcrystalline samples. This technique can be used to determine the crystal structure 

of powder samples by obtaining typical diffraction patterns which contain a plot of the 

measured intensity against the diffraction angle. The peaks in a PXRD pattern are directly 

related to the unit cell parameters of a crystalline material and consequently has a 

unique characteristic X-ray powder pattern.1,2 These patterns can be used as 

‘fingerprints’ for identification of solid phases. The basic principle of X-ray diffraction is 

shown in Figure A.1.  

Figure A.1: Bragg’s law: the path length difference between the X-rays hitting parallel 

atomic planes must be a multiple of their wavelength. 

APPENDIX 

APPENDIX A-CHARACTERIZATION TECHNIQUES 



232 

The atoms, represented as green spheres in Figure A.1, can be viewed as forming 

different sets of planes in the crystal. For a given set of lattice planes with an inter-planar 

distance of d, the condition for a diffraction (peak) to occur can be simply written as 

n=2d sin, which is known as the Bragg's law, named after W.L. Bragg who first 

proposed this relationship. In the equation, λ is the wavelength of the x-ray, θ is the 

scattering angle also called as Bragg angle, and n is an integer representing the order of 

the diffraction peak. A powder diffraction pattern can give information on phase 

composition. Bragg’s law can also be used to determine and refine the lattice parameters 

of a crystal structure using a method known as Rietveld refinement. The crystallite size 

(t) of the powder sample can also be determined by using the Scherrer formula, which is

given as: 

(A.1) 

where λ is the x-ray wavelength, BM is the observed peak width, BS is the peak width of a 

crystalline standard, and θ is the angle of diffraction. 

A.1.2 Thermogravimetric analysis (TGA) and differential scanning calorimetry

(DSC) 

Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) 

are methods that interrogate the thermal characteristics of given materials. TGA measures 

the amount and rate of change of weight of a material as a function of temperature or 

time in a controlled atmosphere. The change in mass during the change in temperature 
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provides valuable information with regards to the thermal stability as well as the fraction 

of volatile components present in the material. In most cases, the measurements are done 

in oxidative (or inert) atmospheres with linear temperature ramps and the change in mass 

is recorded as a function of temperature.3,4 On the other hand, DSC is a thermal technique 

that measures the heat flow associated with the materials as a function of temperature and 

time in a controlled atmosphere. In this technique, heat lost or gained (exo/endothermic) 

in a sample is measured relative to a reference sample. The DSC can be used to obtain the 

thermal critical points like melting point, enthalpy, specific heat, or glass transition 

temperature of different materials. 

A.1.3 Diffuse reflectance spectroscopy (DRS)

Diffuse reflectance spectroscopy is a technique that provides information about 

the electronic structure of the materials based on the absorptive and light scattering 

properties of the sample. With semiconductors, DRS is used to obtain the information 

about the absorption coefficient and band gaps. For semiconductor solids samples, unlike 

liquid samples, light cannot be transmitted. Due to the lack of transmittance, the diffuse 

reflectance technique is converted to Kubelka-Munk units (equation A.2): 5–8  

 (A.2) 

where R is the ratio of the diffuse reflectance of the sample to reference sample, K is an 

absorption coefficient, and S is the scattering coefficient of the powder sample. The UV-

vis spectra once converted to Kubelka-Munk units can then be used to calculate the band 

gap (Eg) according to the following equation (A.3): 

ahv = A(hv − Eg)n/2        (A.3) 
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where α, h, ν, Eg and A are the absorption coefficient, Planck’s constant, the light 

frequency, band gap energy, and a proportionality constant, respectively. The exponent n 

is determined by the type of optical transition of a semiconductor (n = 1 for direct 

transition and n = 4 for indirect transition). Thus, the band-gap energies (Eg) of the 

samples could be estimated from plots of (ahv)2/n versus the photon energy (hv). For 

example, the band gap of Sr2Nb2O7 studied in chapter 3 and 4 of this dissertation is 

obtained by plotting (ahv)2/n
 vs photon energy (hv) by taking n = 0.5 (Figure A.2) 

.   

Figure A.2: UV-vis diffuse reflectance spectra of Sr2Nb2O7. The band gap is found to be 

3.58 eV. 

A.1.4 Scanning electron microscopy (SEM), transmission electron microscopy

(TEM), and scanning transmission electron microscopy (STEM) 

Electron microscopy is a method that provides direct visualization of materials at 

different length scales, with resolutions ranging from nanometers up to sub-Angstrom 

resolutions. This provides information pertaining to the structure, morphology, and, 

depending on the analysis, electronic structure, of a material. Different types of electron 

microscopy use specially engineered electron microscopes, which use a beam of electrons 

to create an image of the specimen. Out of the different electron microscopy techniques, 
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scanning electron microscopy (SEM), transmission electron microscopy (TEM), and 

scanning transmission electron microscopy (STEM) were used in this dissertation. SEM 

produces images by probing the specimen with a focused electron beam by detecting the 

yield of secondary or backscattered electrons.9,10 A schematic representation of the 

different types of the electron beam emitted when the sample is irradiated with incident 

electron beam is given in Figure A.3. On the other hand, TEM uses the transmitted 

electrons to produce the image of the specimen. TEM functions by generating a primary 

electron beam of high energy and high intensity that passes through a condenser to 

produce parallel beams that irradiate the sample.10 The main difference between SEM 

and TEM is that SEM focuses on the surface of a sample and its composition, while TEM 

seeks to see what is inside or beyond the surface. Generally, TEM achieves a much 

higher resolution than SEM. Scanning transmission electron microscopy (STEM) 

combines the features of SEM and TEM and utilizes scanning coils to illuminate a small 

area of the sample from which bright or dark field images are obtained. 

Figure A.3: Electron-specimen interactions 
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A.1.5 Fourier transform infrared microscopy (FTIR)

Fourier transform infrared microscopy (FTIR) is an effective method for 

determining the presence or absence of different functional groups in a given sample. It is 

a technique based on the vibrations of the atoms within a molecule. An infrared (IR) 

spectrum is obtained by passing IR radiation through a sample and determining what 

fraction of the incident radiation is absorbed at a particular energy.11,12 The energy at 

which any peak in an absorption spectrum appears corresponds to the frequency of a 

vibration of a part of a sample. Moreover, chemical bonds in different environments will 

absorb varying intensities and at varying frequencies. Thus, IR spectroscopy involves 

collecting absorption information and analyzing it in the form of a spectrum. IR spectra 

are commonly measured in units of wavenumbers (units of cm-1). 

A.1.6 Surface area measurements

In catalysis, the key goal is to promote reactions that have high selectivity with 

high yield. It is anticipated that this goal will be more closely approached through 

tailoring a catalyst pore size, and surface area of different materials. In materials science, 

surface area and pores size distribution of given materials are mainly determined by using 

gas sorption techniques. In these techniques, the samples are subjected to a gas 

(adsorptive) atmosphere under a controlled pressure to let the gas cover external and the 

accessible internal pore surfaces of a solid.13,14 The amount of gas adsorbed on the 

surface and pores is monitored with the function of relative pressure to obtain gas 

adsorption isotherms. For pure gases there are basically six types of isotherms as shown 

in Figure A.4. Each of these types is observed in practice but by far the most common are 
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types I, II and IV. Type I is the characteristic examples of microporous materials while 

Type IV is an example of the mesoporous material.  

Figure A.4: Different types of adsorption isotherms. 

The surface area is determined by monitoring the amount of gas used in creating 

the monolayer using an equation called the BET equation developed by three scientists 

(Brunauer, Emmett, and Teller). Other equations are available to calculate surface area 

from gas adsorption; however, BET is the most popular. The BET equation is given as:  

(A.4) 

where p is gas pressure, P0 is the saturation pressure of gas at given temp, V is the 

volume of multilayer adsorbed, Vmax is the volume of the monolayer, a is a constant 

depending upon the nature of the gas. Since a and Vmax are constant for a given gas-solid 

system, a plot of  against P/P0, should be a straight line, which will allow 

determination of Vm using intercept and slope. The total surface area of the samples can 

be calculated as  

S =             (A.5)
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where N is Avogadro’s number, A is the cross-sectional area of a single molecule of 

adsorbate and M is molecular weight of adsorbate. The specific surface area is then 

calculated as total surface area divided by sample mass and is normally expressed in units 

of m2/g.  

A.1.7 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a commonly used surface sensitive 

chemical analysis technique that operates under ultra-high vacuum. When X-rays 

irradiate a sample surface, electrons will be ejected from valence and core levels of both 

surfaces and near surface atoms. The kinetic energies of ejected photoelectrons are not 

only characteristic of the atoms from which they are emitted but can also provide 

information on the chemical states of those atoms.  

Each atom in the sample has characteristic binding energies of their inner-shell 

electrons. In order to excite the electrons, the energy of the incident X-ray photons must 

be at least larger than a critical energy known as surface work function. At the same time, 

the exciting electrons have to overcome the binding energy as well. Hence, the kinetic 

energy of an ejected electron will be equal to the energy of the incident X-rays minus the 

work function, minus the binding energy of the electron as shown below: 6,15,16 

EK = hυ - φ - EB        (A.6) 

where Ek is the kinetic energy of photoexcited electrons, h is Planck’s constant, υ is the 

frequency of incident X-rays, φ is surface work function, and EB is binding energy. From 

the binding energy and intensity of a photoelectron peak, the elemental identity, chemical 

state, and quantity of a detected element can be determined. A rule of thumb is that the 
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binding energy is lower if the electron density around that particular element is higher. A 

quick survey scan of Sr2Nb2O7 (described in chapter 3) is given in Figure A.5a.  

Figure A.5: (a) XPS survey scan and (b) VB-XPS for Sr2Nb2O7 

In this dissertation, besides the binding energy of the constituent atoms, XPS was 

also used to determine the valence band position of the given semiconductor as shown in 

Figure A.5b.  

A.1.8 Photoluminescence (PL) and time-resolved photoluminescence (TRPL) study

Photoluminescence (PL) is a process by which a chemical compound absorbs 

photons thus jumping to a higher electronic energy state, and then radiates photons, 

returning to a lower energy state. Photo-excitation causes electrons within the material to 

move into excited states. When these electrons return to their equilibrium states, the 

excess energy is released and may include the emission of light, or luminescence. This 

process is relevant to the study of photocatalyst systems since fluorescence occurs when 

electrons in the conduction band recombine with holes in the valence band.17,18 The PL 

intensity can then be used to compare recombination rates for different photocatalyst 

systems.  
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TRPL is similar to normal PL (steady-state PL spectroscopy) and gives the 

information detailing the lifetimes of photogenerated species. In PL there is a continuous 

excitation from a light source, while TR-PL spectroscopy relies on pulsed excitation and 

measures photoluminescence at certain time intervals after the pulse excitation. The PL 

emission intensity over time is then fitted to an exponential decay model to determine the 

lifetimes of photo-generated electron/hole pairs.  

A.1.9 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful technique for the 

characterization of electrochemical systems. EIS is usually measured by applying an AC 

potential to an electrochemical cell and then measuring the current through the cell. EIS 

is generally represented as a complex number with a real and an imaginary part. If the 

real part is plotted on the X-axis and the imaginary part is plotted on the Y-axis of a 

chart, a “Nyquist” or “Cole-Cole” Plot is obtained. In this dissertation, EIS was 

performed in order to evaluate the electrochemical differences among similar classes of 

photocatalysts. The radius of the arc on the EIS spectra (Nyquist of Cole-Cole plot) can 

be used to quantify and compare the impedance of the interface layer on the surface of 

the electrode.19–21  Figure A.6 gives the representative example of Nyquist plot studied in 

this dissertation. A smaller diameter implies lower resistance at the surface of the 

electrode. Hence from Figure A.6, it can be inferred that the heterojunction Bi2O3/WO3 

has less resistance, which further demonstrates that it can enhance the separation and 

transfer efficiency of photogenerated electron and holes, which is favorable for enhancing 

the photocatalytic activity as described in chapter 7.  
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Figure A.6: A representative Nyquist plot for Heterojunction of Bi2O3 and WO3 

References 

1 A. G. Davies, D. Phillips, J. D. Woollins and S. E. Dann, Reactions and

Characterization of Solids, The Royal Society of Chemistry, 2000. 

2 D. A. Skoog, F. J. Holler and S. R. Crouch, Principles of Instrumental Analysis,

Thomson Brooks/Cole, 2007. 

3 R. C. Mackenzie, in Physicochemical Methods of Mineral Analysis, ed. A. W. Nicol,

Springer US, Boston, MA, 1975, pp. 389–420. 

4 P. Gabbott, in Principles and Applications of Thermal Analysis, Blackwell Publishing

Ltd, 2008, pp. 1–50. 

5 H. Huang, L. Liu, Y. Zhang and N. Tian, RSC Adv, 2015, 5, 1161–1167.

6 S. P. Adhikari, Z. D. Hood, K. L. More, V. W. Chen and A. Lachgar, ChemSusChem,

2016, 9, 1869–1879. 

7 G. Kortüm, W. Braun and G. Herzog, Angew. Chem. Int. Ed. Engl., 1963, 2, 333–

341.



242 

8 A. L. Companion, in Developments in Applied Spectroscopy: Proceedings of the 

Fifteenth Annual Mid-America Spectroscopy Symposium Held in Chicago, Illinois 

June 2–5, 1964, ed. E. N. Davis, Springer US, Boston, MA, 1965, pp. 221–234. 

9 C. E. HALL, Introduction to electron microscopy., New York & London: McGraw-

Hill Publishing Co., 1953. 

10 P. D. Nellist, in Science of Microscopy, eds. P. W. Hawkes and J. C. H. Spence, 

Springer New York, New York, NY, 2007, pp. 65–132. 

11 P. R. Griffiths and J. A. de Haseth, in Fourier Transform Infrared Spectrometry, John 

Wiley & Sons, Inc., 2006, pp. 375–393. 

12 T. C.-K. Yang, S.-F. Wang, S. H.-Y. Tsai and S.-Y. Lin, Appl. Catal. B Environ., 

2001, 30, 293–301. 

13 S. Brunauer, P. H. Emmett and E. Teller, J. Am. Chem. Soc., 1938, 60, 309–319. 

14 S. Lowell, J. E. Shields, M. A. Thomas and M. Thommes, in Characterization of 

Porous Solids and Powders: Surface Area, Pore Size and Density, Springer 

Netherlands, Dordrecht, 2004, pp. 58–81. 

15 H. Irie, Y. Watanabe and K. Hashimoto, J. Phys. Chem. B, 2003, 107, 5483–5486. 

16 P. van der Heide, in X-Ray Photoelectron Spectroscopy, John Wiley & Sons, Inc., 

2011, pp. 1–12. 

17 R. S. Varma, N. Thorat, R. Fernandes, D. C. Kothari, N. Patel and A. Miotello, Catal 

Sci Technol, 2016, 6, 8428–8440. 

18 S. Paul and A. Choudhury, Appl. Nanosci., 2014, 4, 839–847. 

19 S. Sarker, A. J. S. Ahammad, H. W. Seo and D. M. Kim, Int. J. Photoenergy, 2014, 

2014, 17. 



243 

20 E. Ivers-Tiffée, A. Weber and H. Schichlein, in Handbook of Fuel Cells, John Wiley 

& Sons, Ltd, 2010. 

21 S. P. Adhikari, H. Dean, Z. D. Hood, R. Peng, K. L. More, I. Ivanov, Z. Wu and A. 

Lachgar, RSC Adv, 2015, 5, 91094–91102. 



244 

APPENDIX B- LICENSES 



245 



246

SCHOLASTIC VITA 

SHIBA PRASAD ADHIKARI 

EDUCATIONAL BACKGROUND 

Institution and Location Degree Year(s) Field of Study 

Wake Forest University, 

Winston Salem, NC, USA 

Ph.D. 2013- Present Materials Chemistry 

University of Surrey, 

Guildford UK 

MRes 2010 Materials Chemistry 

Tribhuvan University 

Kathmandu Nepal 

MSc 2004 Organic Chemistry 

Tribhuvan University 

Kathmandu Nepal 

BSc 2001 Chemistry 

PROFESSIONAL DEVELOPMENT 

A. TRAINING

1. Graduate Research Assistant - Department of Chemistry, Wake Forest University,

Winston Salem, NC, USA (Aug 2015 to present)

2. Graduate Teaching Assistant - Department of Chemistry, Wake Forest University,

Winston Salem, NC, USA (Jan 2013 – Aug 2015)



247 

3. Internship Regulatory contractor - INMAR, Winston Salem, NC, USA (Jan 2014 -

May 2014)

4. Graduate Research Assistant - Department of Chemistry, South Dakota School of

Mines and Technology, SD, USA (Sept 2012 - Dec 2012)

5. Graduate Assistant –University of Surrey, Guildford, UK (Aug 2008 - Jan 2010)

6. Lecturer in Chemistry - Siddhartha Academy, Bafal, Kathmandu, Nepal (Aug 2004 -

Sept 2007)

7. Research Assistant - Center for Energy studies (CES), Pulchok Campus, Lalitpur,

Nepal (July 2005 - Sept 2007)

8. Energy Coordinator - Solar Electricity Company (Pvt.) Ltd, Bag bazar, Kathmandu,

Nepal (Jan 2006 - Sept 2007)

B. ORAL / POSTER PRESENTATIONS

1. Shiba P. Adhikari, Zachary D. Hood, Hui Wang, Rui Peng, Hui Li, Vincent W. Chen,

Karren L. More, Zili Wu, Scott Geyer, and Abdou Lachgar, “Enhanced Visible Light

Photocatalytic Water Reduction of a g-C3N4/SrTa2O6 heterojunction”, 2017 Material

Research Society (MRS) Spring Meeting & Exhibit, Phoenix, AZ, USA, April 18-

21, 2017.

2. Shiba P. Adhikari, Zachary D. Hood, Sara Borchers, Marcus Wright, and  Abdou

Lachgar,” Sulfonated high surface area carbons for waste-to-fuel conversion”, 2017

Material Research Society (MRS) Spring Meeting & Exhibit, Phoenix, AZ, USA,

April 18-21, 2017.



248 

3. Shiba P Adhikari, Abdou Lachgar, “Two semiconductors are better than one: a g-

C3N4/SrTa2O6 heterojunction for enhanced visible light photocatalytic water 

reduction”, Southeastern Regional Meeting of the American Chemical Society 

(SERMACS), Columbia, SC, USA, October 23-26, 2016. 

4. Shiba P Adhikari, Zach Hood, and Abdou Lachgar, “Enhanced Visible Light

Photocatalytic Water Reduction of a g-C3N4/SrTa2O6 Heterojunction”, Solar energy 

research conference (SERC), University of North Carolina at Chapel Hill, NC, 

USA, October 20-21, 2016. 

5. Abdou Lachgar and Shiba P Adhikari, “Semiconductor heterojunctions for Enhanced

Photocatalytic Activity”, invited talk to Ph.D. Nanoscale Science Seminar Series-

Spring 2016, UNC Charlotte, NC, USA, April 14, 2016.

6. Shiba P Adhikari, and Abdou Lachgar, “Visible light active semiconductor

heterojunctions for enhanced photocatalytic activity”, 2016 Material Research 

Society (MRS) Spring Meeting & Exhibit, Phoenix, AZ, USA, March 28-April 1, 

2016. 

7. Shiba P Adhikari, Zach Hood and Abdou Lachgar, “Carbon nitride sensitized

strontium niobate semiconductor heterojunction for enhanced visible light driven

photocatalytic H2 production”, 2016 Material Research Society (MRS) Spring

Meeting & Exhibit, Phoenix, AZ, USA, March 28-April 1, 2016.

8. Shiba P Adhikari, and Abdou Lachgar, “Visible light active semiconductor

composites for enhanced photocatalytic activity”, 2015 Joint 

Southeastern/Southwest Regional Meeting of American Chemical society, 

Memphis, Tennessee, November 4-7, 2015. 



249 

9. Emaan Mahmood, Shiba P Adhikari, and Abdou Lachgar, “Synthesis,

characterization and activity of graphene oxide (GO) modified bismuth niobium oxide 

(BNO)”, 2015 Joint Southeastern/Southwest Regional Meeting of American 

Chemical society, Memphis, Tennessee, November 4-7, 2015. 

10. Abdou Lachgar, and Shiba P Adhikari, “Visible Light Active Semiconductor

Composites for Enhanced Photocatalytic Activity”, Third Euro-Mediterranean 

Conference on Materials and Renewable Energies (EMCMRE-3), Marrakesh-

Morocco, November 2-6, 2015. 

11. Abdelaziz El Jazouli, Shiba P Adhikari and Abdou Lachgar, “Synthesis,

characterization and photocatalytic activity of Nasicon-type 

copper titanium phosphates”, Third Euro-Mediterranean Conference on Materials 

and Renewable Energies (EMCMRE-3), Marrakesh-Morocco, November 2-6, 

2015. 

12. Shiba P Adhikari, Karren More, and Abdou Lachgar, “Carbon nitride sensitized

strontium niobate semiconductor heterojunction for enhanced visible light driven

photocatalytic H2 production”, Solar energy research conference (SERC), 

University of North Carolina at Chapel Hill, NC, USA, October 15-16, 2015. 

13. Shiba P Adhikari, Karren More, and Abdou Lachgar, “Carbon nitride sensitized

strontium niobate semiconductor heterojunction for enhanced visible light driven

photocatalytic H2 production”, Nanomanufacturing 2015 conference, Joint School

of Nanoscience and Nanoengineering (JSNN), Greensboro, NC, USA, September 30,

2015.



250 

14. Shiba P Adhikari, Hunter Dean, Zachary D. Hood, Rui Peng, Karen L. Morre, Ilia

Ivanov, Zili Wu and Abdou Lachgar, “Enhancement of visible-light induced

photocatalysis: case study of Bi2O3/WO3 composite and their ternary phase Bi2WO6”

2015 North American Solid State Chemistry Conference (NASSCC)”,  Tallassee,

FL, USA, May 22-24, 2015.

15. Shiba P Adhikari, and Abdou Lachgar, “Composite Bi2O3/Ta2O5 as Visible Light

Active Photocatalysts for Hydrogen Generation” 2014 Material Research Society

(MRS) Fall Meeting & Exhibit, Boston, MA, USA, November 30 - December 5,

2014.

16. Shiba P Adhikari, Lifeng Zhang, Michael Gross and Abdou Lachgar, “Enhancement

of visible light activity of tantalum oxynitride and nitride by using bismuth oxide; an

example of semiconductor based composite photocatalysis” Flurofest 2014

symposium, Durham, NC, USA, November 6-7, 2014.

17. Shiba P Adhikari, Lifeng Zhang, Michael Gross and Abdou Lachgar, “Synthesis,

Characterization and Photocatalytic Properties of Ta2O5/Bi2O3, TaON/Bi2O3, and

Ta3N5/Bi2O3 Composites” Southeastern Regional Meeting of the American 

Chemical Society (SERMACS), Nashville, TN, USA, October 16-19, 2014. 

18. Pierre Duncan, Shiba P Adhikari, Marcus Wright, and Abdou Lachgar, “Catalytic

Activity of sulfonated Hydrothermal Carbon (HTC-S)” Southeastern Regional 

Meeting of the American Chemical Society (SERMACS), Nashville, TN, USA, 

October 16-19, 2014. 

19. Shiba P Adhikari, Lifeng Zhang, Michael Gross and Abdou Lachgar, “Ta2O5/Bi2O3,

TaON/Bi2O3, and Ta3N5/Bi2O3 Nano-composites for Photocatalytic Applications”



251 

Nanomanufacturing 2014 conference, Joint School of Nanoscience and 

Nanoengineering (JSNN), Greensboro, NC, USA, September 24, 2014. 

20. Shiba P Adhikari, and Abdou Lachgar,  “Particle size effect on the photocatalytic

activity of BiNbO4” Southeastern Regional Meeting of the American Chemical 

Society (SERMACS), Atlanta, GA, USA,  November 2013. 

21. Shiba P Adhikari, Richard T Williams and Abdou Lachgar,   “Particle size effect on

the photocatalytic activity of BiNbO4” Photochemistry Symposium, UNC charlotte,

NC, USA,  October 2013.

22. Shiba P Adhikari, and Abdou Lachgar,  “Particle size effect on the photocatalytic

activity of BiNbO4” Monthly meeting of the Condensed Matter Enthusiasts,

Department of Physics, Wake Forest University, NC, USA,  September 2013.

23. Shiba P Adhikari, and J N Shrestha,  “White Light Emitting Diode lighting system by

using locally prepared cells” Renewable Energy Technology for Rural

Development (RETRUD)- 06, Center for Energy Studies - October 2006.

C. SEMINAR / WORKSHOP ATTENDED

1. “2017 Material Research Society (MRS) Spring Meeting & Exhibit”, Phoenix, AZ,

USA, April 18-21, 2017.

2. “South Eastern Regional Meeting of American Chemical Society” organized by

SERMACS, USA, October 2016

3. “Solar energy research conference (SERC)” organized by University of North

Carolina at Chapel Hill, NC, USA, October 2016



252 

4. “2016 Material Research Society (MRS) Spring Meeting & Exhibit”, Phoenix, AZ,

USA, March 28-April 1, 2016

5. “Joint Southeastern/Southwest Regional Meeting of American Chemical Society”

organized by American Chemical Society (ACS), Memphis, TN, USA, November

2015.

6. “Solar energy research conference (SERC)” organized by University of North

Carolina at Chapel Hill, NC, USA, October 2015

7. “Nanomanufacturing 2015 conference” organized by Joint School of Nanoscience

and Nanoengineering (JSNN), Greensboro, USA, September 2015.

8. “Modern Methods in Rietveld Refinement for Structural Analysis (MMRRSA)”

organized by Florida State University, Tallassee, FL, USA, May 2015.

9. “2015 North American Solid State Chemistry Conference (NASSCC)”, Tallassee, FL,

USA, May 2015.

10. “2014 Material Research Society (MRS) Fall Meeting & Exhibit”, Boston, MA,

USA, December 2014.

11. “Flurofest-2014” organized by Horiba Scientific USA, November 2014

12. “South Eastern Regional Meeting of American Chemical Society” organized by

SERMACS, USA, October 2014

13. “Nanomanufacturing 2014 conference” organized by Joint School of Nanoscience

and Nanoengineering (JSNN), Greensboro, USA, September 2014.

14. “XRD Powder diffraction workshop” organized by Duquesne University and

PANAnalytical, USA, June 2014



253 

15. “South Eastern Regional Meeting of American Chemical Society” organized by

SERMACS, USA, November 2013

16. “New Engineering Frontier: Manufacturing for the grand challenges” organized by

National Academy of Engineering (NAE) North Carolina, USA, November 2013

17. “NC Photochem 2013” Symposium organized by UNC Charlotte/NC State

University North Carolina, USA, October 2013 

18. "Institutional Biogas study" organized by Center for Energy Studies, Pulchok

Campus, Tribhuvan University, Nepal, October 2006

19. “Renewable Energy Technologies for Rural Development (RETRUD)-2006” held in

Center for Energy Studies, Pulchok Campus, Tribhuvan University, Nepal, October

2006

20. "Role of Microfinances (MFIs) in the development of Renewable Energy

Technologies" organized by Alternative Energy Promotion Centre (AEPC), Nepal,

August 2006

21. “Construction and application of Puxin Biogas Unit” organized by Shenzhen Puxin

Technology Co. Ltd., Shenzhen, China, December 2005. http://en.puxintech.com/gsjj

22. “Lab Accreditation and Quality Management” Organized by Solar Energy Test

Station (SETS), Nepal, November 2005

23. “Renewable Energy Technology Application and Policies” organized by Centre for

Energy Studies, Tribhuvan University, Nepal, May 2005



254 

D. JOURNAL REVIEWER

1. Journal of Chemistry and Chemical engineering (David Publishing)-2

2. International Journal of Hydrogen Energy (Elsevier) -4

3. New Journal of Chemistry (RSC) -4

4. MRS Advances (Cambridge Core) -2

HONORS AND AWARDS 

1. Graduate Student Travel Award, Wake Forest University, 2017,  2016

2. Alumni Travel Award, Wake Forest University, 2015

3. Nanomanufacturing 2015 Conference Poster award, 2015

4. Scholarship award to attend the “Modern Methods in Rietveld Refinement and

Structural Analysis (MMRRSA)” course, 2015

5. Nanomanufacturing 2014 Conference Poster award, 2014

6. Best Graduate Student award from Department of Chemistry, Wake Forest

University, 2014

7. DUPAN housing scholarship from PAN-analytical Inc., 2014

8. Wake Forest University Graduate Fellowship, 2013



255 

LISTS OF PEER REVIEWED PAPERS (LISTED ON THE BASIS OF 

PUBLICATION DATE) 

https://scholar.google.com/citations?user=aJ8ZzBIAAAAJ&hl=en 

https://www.researchgate.net/profile/Shiba_Adhikari/publications 

1. Shiba P. Adhikari, Zachary D. Hood, Hui Wang, Rui Peng, Alex Krall, Hui Li,

Vincent W. Chen, Karren L. More, Zili Wu, Scott Geyer, and Abdou Lachgar,

“Enhanced Visible Light Photocatalytic Water Reduction of a g-C3N4/SrTa2O6

heterojunction” Applied catalysis b, environmental, accepted

2. Zachary D. Hood,  Shiba P. Adhikari, Yunchao Li,  Amit K. Naskar, Legna

Figueroa-Cosme, Younan Xia,  Marcus W. Wright, Abdou Lachgar, and M. Parans

Paranthaman, “Production of biofuel with surface-modified carbon derived from

waste tires: A classic example of waste-to-energy conversion” ChemistrySelect,

accepted

3. Hui Li, Peng Wen, Qi Li, Chaochao Dun, Junheng Xing, Chang Lu, Shiba Adhikari,

Lin Jiang, David L. Carroll, and Scott M. Geyer, “Earth-abundant iron diboride

(FeB2) nanoparticles as highly active bifunctional electrocatalysts for overall water

splitting”, Adv. Energy Mater. 2017, 1700513. DOI: 10.1002/aenm.201700513 

4. Shiba P Adhikari, and Abdou Lachgar “Effect of particle size on the photocatalytic

activity of BiNbO4 under visible light irradiation”, J. Phys.: Conf. Ser. 758 (2016)

012017. DOI: http://dx.doi.org/10.1088/1742-6596/758/1/012017

5. Keerthi Senevirathne, Chang-Kun Xia, Shiba Adhikari, Lifeng Zhang, Richard T.

Williams, Abdou Lachgar, “NaTaO3/MCM-48 composites for photocatalytic



256 

conversion of organic molecules”, J. Phys.: Conf. Ser. 758 (2016) 012003. DOI: 

http://dx.doi.org/10.1088/1742-6596/758/1/012003 

6. Kenneth L Lowery, Tina McSweeney, Shiba P Adhikari, Abdessadek Lachgar,

George L Donati, “Signal correction using molecular species to improve biodiesel 

analysis by microwave-induced plasma optical emission spectrometry” 

Microchemical Journal 129 (2016) 58–62. DOI:10.1016/j.microc.2016.06.012 

7. Shiba P Adhikari, Zachary D Hood, Karren L More, Vincent W Chen, and Abdou

Lachgar, “A Visible-Light-Active Heterojunction with Enhanced Photocatalytic

Hydrogen Generation”, ChemSusChem 9 (2016) 1869. DOI:

10.1002/cssc.201600424 

8. Hui Wang, Rui Peng, Zachary D. Hood, Michael Naguib, Shiba P. Adhikari, and

Zili Wu, “MXene-TiO2 Composites as Novel Photocatalysts for Hydrogen Production 

under Visible Light Irradiation” ChemSusChem 9 (2016) 1490. DOI: 

10.1002/cssc.201600165 

9. William C. West, Zachary D. Hood, Shiba P. Adhikari, Chengdu Liang, Abdou

Lachgar, Munekazu Motoyama, Yasutoshi Iriyama, “Reduction of charge-transfer

resistance at the solid electrolyte – electrode interface by pulsed laser deposition of

films from a crystalline Li2PO2N source”, Journal of Power Sources 312 (2016)116–

122. DOI: 10.1016/j.jpowsour.2016.02.034

10. Zachary D. Hood, Cameron Kates, Melanie Kirkham, Shiba Adhikari, Chengdu

Liang, N.A.W. Holzwarth, “Structural and electrolyte properties of Li4P2S6”, Solid

State Ionics 284 (2016) 61–70. DOI: 10.1016/j.ssi.2015.10.015 



257 

11. Shiba P Adhikari, Hunter Dean, Zachary D. Hood, Rui Peng, Karren L. More, Ilia

Ivanov, Zili Wu, Abdou Lachgar, “Visible light driven Bi2O3/WO3 composites with

enhanced photocatalytic activity” RSC Advances. 5 (2015) 91094-91102. DOI: 

10.1039/C5RA13579F 

12. Shiba P Adhikari, Zachary D. Hood, Karren L. More, Ilia Ivanov, Lifeng Zhang,

Michael Gross, Abdou Lachgar, “Visible light assisted photocatalytic hydrogen

generation by Ta2O5/Bi2O3, TaON/Bi2O3, and Ta3N5/Bi2O3 composites”, RSC

Advances 5 (2015) 54998–55005. DOI: 10.1039/c5ra06563a

13. Shiba P Adhikari, Lifeng Zhang, Michael Gross, Abdou Lachgar, “Enhancement of

visible light photocatalytic activity of tantalum oxynitride and tantalum nitride by

coupling with bismuth oxide; an example of composite photocatalysis”, MRS

Proceedings, 1738, mrsf14-1738-v05-52  DOI: 10.1557/opl.2015.194

Lists of manuscripts submitted / in preparation: 

1. Shiba P. Adhikari, Zachary D. Hood, Vincent W. Chen, Karren L. More, and Abdou

Lachgar, “g-C3N4 / nitrated Sr2Nb2O7 nanocomposite as an efficient photocatalyst

for hydrogen evolution under visible light irradiation”

2. Shiba P Adhikari, Zachary Hood, and Abdou Lachgar “Strategies of charge

separation in visible light active semiconductor composites for enhanced

photocatalytic activity” Review article

3. Hui Li, Chang Lu, Chaochao Dun, Junheng Xing, Shiba Adhikari, K.Y.Simon Ng,

and Scott M. Geyer “Rational design of cobalt phosphide/carbon fiber coaxial



258 

nanowires as a pH-universal electro-catalyst for the hydrogen evolution 

reaction” 

GRADUATE ADVISORS 

1. Ph.D Advisor: Prof. Abdou Lachgar (Wake Forest University, Winston Salem, NC,

USA): lachgar@wfu.edu

2. MRes Advisor: Prof. Robert T Slade (University of Surrey, Guildford, UK):

r.slade@surrey.ac.uk

GRADUATE AND UNDERGRADUATE STUDENT SUPERVISED 

Graduate students 

Shailendra Kumar Jha (Tribhuvan University, Nepal, 2006-2007), Eric Pannico 

(Wake Forest University, Fall 2015) 

Wake Forest University undergraduate students 

Natasha Moreless (summer 2013), Zachary Hood (Spring 2013), Trey Williams 

(Spring 2013), Hunter Dean (2014-2015), Pierre Duncan (summer 2014, and Fall 

2014), Brad Menchaca (Fall 2015), Emaan Mahmood (Summer 2015- Spring 2016), 

Alexander Kral (Spring 2016), Chunting Song (Spring 2016). Yian Wang (Summer 

2016), Dalton Konopinski (Summer 2016), Sara Borchers (Fall 2016), Amber 

Courtney (Fall 2016) 




