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ABSTRACT 

In this study, we have successfully prepared a porous heterojunction photocatalytic 

coating composed of p-type Nickel (II) Oxide (NiO) and n-type Nickel (II) Titanate 

(NiTiO3) and compared its visible light photocatalytic degradation of model organic 

dyes in water. We have used Methylene Blue, Methyl Red, Methyl Orange as our model 

pollutants. The porous NiO-NiTiO3 heterojunction thin film, which offers enhanced 

surface area, was deposited on quartz substrate by using a combination of spray 

pyrolysis technique and modified Pechini technique. Scanning electron microscopy 

(SEM) and X-ray diffraction (XRD) techniques were used to investigate the 

morphological and crystalline properties of the NiO, NiTiO3 thin films, and 

NiO/NiTiO3 heterojunction. There were mixed phases of NiO, NiTiO3, TiO2 (Rutile) in 

the NiTiO3 thin film was detected. Both NiO and NiTiO3 thin films showed high 

crystallinity and good stability against humidity (RH ~80%) and light. UV-visible 

absorption spectrophotometer was used to study the optical properties of the thin film, 

and the heterojunction electrical behavior was evaluated by studying the current-

voltage curves. Visible light photocatalytic degradation of model dyes in water was 

conducted using an artificial visible light source and dye degradation rates were 

evaluated to study the photocatalytic performances of the proposed thin films. Nearly 

80% of methylene blue dye was degraded at the end of 150 minutes when illuminated 

with AM 1.5 spectrum. Methylene blue was the most degraded dye, while methyl 

orange being the least degraded one. The developed heterojunction photocatalyst 

showed promising photocatalytic activities and stability and has the potential for 

applications like textile industry wastewater treatment. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background of the Study  

In recent years, environmental pollution has become a global issue (Ge et al., 2016; Z. 

Jiang et al., 2016; Zhao et al., 2016) affecting our health and livelihood. One of the 

immediate effects of rapid globalization is an increase in pollutant substances in ground 

and surface waters resulting in serious health problems ((Z. Qu et al., 2017).  So, there 

is an immediate need to innovate green and sustainable technologies that can help in 

controlling water pollution. Some of the recent nanotechnology-based approaches that 

have been proposed to tackle this problem are photocatalytic degradation, adsorption, 

and Fenton oxidation. (Barhoumi et al., 2016; Barrera et al., 2019)  

Photocatalysis is a process where light energy is utilized by a nanostructured catalyst 

to accelerate one or more chemical reactions. When light is illuminated on the surface 

of a photocatalyst, excited electron/hole pairs are generated. Because of the activated 

state, the generated electrons and holes undergo chemical reduction and 

oxidation, producing reactive oxygen species (ROS) that can further catalyze chemical 

degradation of surface adsorbed pollutants. In a normal photocatalytic reaction, 

catalysts/substrates are triggered by light radiation, like ultraviolet/visible light of 

corresponding wavelengths, which is followed by electron-transfer to/from reactants 

that are acting in a redox reaction. In recent years, photocatalytic degradation has seen 

a significant growth mainly because of the use of clean and green energy sources to 

start the reactions, (i.e.) solar energy. (Chong et al., 2010).  

There are a significant number of studies to optimize the performance of semiconductor 

photocatalysts for pollutant degradation which includes oxides, sulfides, nitrides, and 

oxynitrides. (Akpan & Hameed, 2009; Hara et al., 2003; Lei et al., 2003; Q. Li et al., 

2015; Yu & Yu, 2008; Z. Zhang et al., 2010) There are many kinds of approaches used 

for enhancing the photocatalytic activity of the photocatalyst. One important way is to 

inducing defects, up conversion of lower wavelength light to higher, tweaking the 

morphology, etc. All the above listed methods are used to enhance the photo response 

of the material. While strategies like creating heterojunctions, plasmonic response, are 

used to create an efficient photocatalyst.  
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In this study, we have chosen a strategy of fabricating a heterojunction photocatalyst 

using two semiconductors (P-N) leading to a synergistic enhancement in the 

photocatalytic activity, by enhancing both the optical response and the photogenerated 

charge separation in the catalyst. For our study, we have used Nickel (II) Titanate 

(NiTiO3) as an N-type semiconductor and Nickel (II) Oxide (NiO) as P-type 

semiconductor material. The two materials were used to synthesize a heterojunction 

photocatalyst that has improved optical response and charge separation upon visible 

light illumination. The heterojunction photocatalyst was then used to degrade organic 

dye pollutants in water and its performance was evaluated. 

1.2 Statement of the Problem 

In recent years there has been substantial interest in the scientific community to 

understand, analyze the reactions which happen when the materials are illuminated with 

the light. Most of the materials are semiconducting with bandgap energy between 1.1eV 

and 3.8eV. Some of the examples are semiconductor metal oxides, selenides, and 

sulfides. (Khan et al., 2015) In all the above-mentioned materials, the most effective 

photocatalytic materials are semiconducting metal oxides. Selenides and Sulfides are 

not stable due to the corrosive nature of the material, and most of them are toxic in 

nature. Whereas most semiconducting metal oxides are stable and not toxic when 

compared to selenides and sulfides.(Khan et al., 2015; Saravanan et al., 2013; Zhou et 

al., 2012) . 

 

In all the metal oxide, Titanium Dioxide, TiO2 (3.32 eV) is one of the best-known 

materials so far for achieving photocatalytic degradation of organic pollutants in water 

bodies. Many pieces of research show that TiO2 has outstanding quantum efficiency 

and stability in an aqueous environment and is not toxic, which makes TiO2 a good 

choice for use as a photocatalyst. (Inoue et al.,1979; Khan et al., 2015; Schneider et al., 

2014) ZnO and CeO2 are also used as photocatalytic materials because of their high 

adsorption properties and similar bandgap of 3.3 eV but both of these materials corrode 

in acidic medium(Choi et al., 2016; Fouad et al., 2006; Khan et al., 2014; Saravanan et 

al., 2013). However, ZnO and TiO2 are highly active only in the UV region of the 

electromagnetic spectrum but have very low activity in the visible region due to their 

wide-bandgap. 
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Some of the key strategies that are used to improve the photocatalytic performance of 

the materials in the visible region are (1) doping of the material with another material 

to enhance the photo-absorption range of the material itself, (2) optimization of the 

active photocatalytic sites on the surface by making changes in morphology and lattice 

structure of the material, (3) inducing defects in the catalyst, (4) creating 

heterojunctions of the materials that have compatible bandgaps and can contribute to 

the effective charge carrier separation, hence enhancing the overall photocatalytic 

performance of the system on the whole.(B. Yang et al., 2019) Some of the key 

limitations in the first and the second strategies are having a controlled environment 

and sophisticated technology that is required to get a high-efficiency photocatalyst 

material, unavailability of scalable and low-cost synthesis techniques to get a high-

efficiency photocatalyst. For the third strategy, controlling the defect density is a 

challenge and mostly not understood clearly. Due to these above-mentioned 

disadvantages, there has been a significant interest in the scientific community to 

develop heterojunction photocatalyst.  

Some of the ideal characteristics of the eco-friendly efficient visible-light photocatalyst 

are the nontoxic nature of the material, high stability, efficient charge separation and 

transportation of the charge carriers, bandgap in visible light. Semiconductors have 

been long used in solar cells and paints which have suitable and tunable electronic and 

optical properties, but these materials are not widely used for photocatalytic coatings. 

We took some inspiration from the materials used for the fabrication of third-generation 

solar cells and paints. We have used NiO as a P-type semiconducting material (used as 

a hole transport layer in third-generation solar cells) and NiTiO3 as an N-type 

semiconducting material (used frequently as a yellow dye/ pigmenting element in 

paints). NiO/NiTiO3 P-N junction has a suitable heterojunction that has all of the 

properties mentioned above for an ideal visible light photocatalyst. The P-N junction 

formed has helped in inducing an internal electrical field that helped in better separation 

and transport of charge carriers. One of the key bottlenecks for this technology is the 

ability to fabricate these coatings using low-cost, and scalable fabrication techniques in 

all ambient atmospheres. In this study, therefore, we have focused on using simple wet 

chemical methods to fabricate the heterojunction photocatalyst. 
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1.3 Research Questions 

1. How would the photocatalytic degradation efficiency of the material change 
when expanding the photo response (by forming thin-film-based 
heterojunction) of the photocatalytic coating? 
 

2. Can we fabricate a visible light photocatalytic coating using a low-cost, 
reliable, stable, repeatable synthesis technique in all ambient atmosphere? 

 
3. How will the photocatalytic degradation efficiency of the coating change when 

exposed to different light and humidity conditions?  
 

 

1.4 Objectives of the Study 

We aim to achieve the following objectives in this research. 

1. Synthesis of photocatalytic thin films of (a) NiO, (b) NiTiO3, and (c) 

NiTiO3/NiO and compare their optical, electrical, morphological, and 

crystalline properties. 

2. Study the stability of the heterojunction against different light and relative 

humidity conditions over a different interval of time.  

3. Comparison of visible light photodegradation efficiency of all the above-

fabricated coatings using different dyes (Methylene blue, Methyl Red, 

Methyl Orange) as model pollutants. 

 

1.5 Scope of the Work 

Our work is only limited to synthesis of heterojunction and characterization. We do not 

focus on enhancing the synthesis techniques, rather we have adopted them from the 

literature and used them with small changes in them. All the chemicals used during the 

synthesis process were declared by the vendors with their purity. We have used the 

analytical grade chemicals without any further purification.  Our study is only limited 

to perform some initial stability tests only regarding the humidity and light exposure. 

Our study is limited to test the stability in terms of electrical and optical response only. 

Our study is limited to study the stability in the laboratory environment only. No tests 

were conducted in field. All the results produced using the third-party equipment are 

not calibrated, or used by the researcher, rather was handled by a professional from the 

testing centers. All the photocatalytic degradation tests were only performed using a 

constant source of artificial illumination with a fixed intensity of light. 
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1.6 Organization of the Study 

In Chapter 1 we introduce the background and the rationale of the study with an 

overview of the objectives of this study. In Chapter 2 we give a detailed review of the 

photocatalytic process, coatings, material properties, and different fabrication 

procedures that currently are used. In Chapter 3 we have discussed in detail the 

methodology along with the conditions that were used while doing the experimentation 

in the lab. We also discuss methods that were used to conclude the results. In Chapter 

4 we explain the results obtained from the experimentation. In the discussion section, 

we discuss the results and respective analysis of the results. Finally, in Chapter 5 we 

conclude the study based on our results and provided recommendations for future 

studies. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Introduction  

Every day, huge volumes of waste material are dumped in the environment that we live 

in, as pollutants. Organic pollutants have the biggest share among all the pollutants. 

Organic pollutants are mainly generated due to extensive industrial, farming, and 

domestic applications. These pollutants enter the natural resources, air, water streams, 

and soil. These contaminants create irreversible damage to our environment. 

(Chaturvedi & Verma, 2015; Cooper, 1993; Davidson et al., 2003; Pimentel D, 

McLaughlin L, Zepp A, et al. Environmental and Economic Effects of Reducing 

Pesticide Use. BioSci. 1991;41(6):402–409.; Robinson et al., 2001; Zhao et al., 2016). 

The organic contaminants, released in the gaseous phase, go into the air, and ultimately, 

they get absorbed into natural resources like soil, water, and vegetation due to rain or 

through the process of condensation. (Wania & MacKay, 1996) . 

 

Pollutants then can enter human beings through different processes like inhalation of 

air, through food and drinks, resulting in havoc in multiple organs of the human body 

like digestive, respiratory, urinary, cardiovascular, and nervous systems (ElSalam, 

2013; Kampa & Castanas, 2008; Reid et al., 1973). Huge research groups have been 

focusing their work on devising innovative and eco-friendly processes to eliminate 

organic pollutants from the environment through different approaches, i.e., physical, 

biological, and chemical methods. Organic contaminants are present in the vicinity of 

wastewater treatment units, oil, and chemical industries, ultimately mix into the natural 

resources in the environment through known or unknown means. Some organic 

contaminants can cause a wide range of sicknesses which include headache, fatigue, 

nasal irritations, acute breathing problems. Other organic contaminants are carcinogenic 

or can cause liver/ organ failure. (OEHHA. California Office of Environmental Health 

Hazard Assessment. 2007)  Currently, uncontrolled air pollution and water pollution 

have increased health issues and cost billions of dollars to clean the environment.  

 

Organic pollutants are detected through smell (odor) when present in higher 

concentrations in the environment, but at lesser concentrations, we need advanced 
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techniques like atomic absorption spectroscopy, gas chromatography, and optical 

spectroscopy (UV fluorescence, visible, and FTIR) techniques. Most of today's 

techniques of purification have significant drawbacks in the terms of speed, greater 

cost. So, there has been a significant emphasis that has been granted to clean air and 

water using nanoengineered photocatalytic materials, which have an immense potential 

to break the organic pollutants to carbon dioxide (CO2) and water with no harmful 

byproducts. 

2.2 Photocatalysis   

Photocatalysis is a process in which the catalyst receives electromagnetic radiation 

(such as visible light) and gets into the excited state due to the excitation of electrons 

from the material. Then this exciting photocatalyst undergoes an intersystem 

crossing from the starting material and returning to its ground state without any change 

in the material. The excited state photocatalytic material will undergo redox reactions. 

In short, Photocatalysis is the speeding up of photoreaction in presence of a catalyst. A 

photocatalyst can be described as a material that absorbs light, producing charge 

carriers that can enable chemical reactions between participants and regenerate/retain 

their chemical composition after every cycle of chemical reactions. (Khan et al., 2015)  

Nano photocatalysts refer to any material that has the above properties of photocatalysts 

and the size of these catalysts below 100 nanometers in any dimension. All 

Nanomaterials have very high surface-to-volume ratios, which increases the total 

number of active sites on the catalyst surface. (P. Zhang et al., 2016) .Photocatalysis 

varies in detail in terms of types of reactions and corresponding mechanisms, can be 

characterized by four important steps: 

(I) Absorption of light resulting in the generation of charge carriers  

(II) Splitting of charge carriers 

(III) Transfer of charge carriers to the surface of photocatalysts 

(IV) Consumption of the charge carriers on the surface of the photocatalyst through 

oxidation-reduction reactions.  
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Figure 2.1  

Photocatalyst Mechanism 

  

Oxidation Mechanism 

The photocatalyst’s surface meets moisture/water and gets absorbed on the surface of 

the photocatalyst. When water gets oxidized due to holes generated in the valence band 

of the material because of the shifting of electrons to the conduction band of material, 

when the material is irradiated with visible light, finally making a path for the 

generation of hydroxyl radicals. Generally, these agents have strong oxidation power. 

Thereafter, hydroxyl radicals will result in a reaction with organic matter (like dyes). 

In the presence of oxygen, if the above process happens, organic compounds will 

undergo radical chain reactions. In this case, as mentioned above, the organic matter 

ultimately mineralizes to be converted into carbon dioxide and water. As mentioned in 

the above circumstance, organic compounds would react directly with holes, finally 

which leads to overall decomposition. 
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Figure 2.2  

Oxidation Mechanism 

 

Reduction Mechanism 

The reduction of atmospheric oxygen into superoxide occurs as a pairing reaction. 

Oxygen Reduction happens as an alternative to the generation of hydrogen because 

oxygen gets reduced very easily. Electrons present in the conduction band of the 

catalyst react with dissolved oxygen in the water to form anions called superoxide 

anions. Superoxide anions react with intermediate species in the oxidation reaction, 

ultimately producing peroxide ions followed to form water. This Reduction happens in 

organic matter when compared to water. So, the increased concentration of organic 

matter tends to increase the total number of holes. This helps in reducing the charge 

carrier recombination and results in the enhancement of photocatalytic activity. 
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Figure 2.3   

Reduction Mechanism 

 

2.2.1 History of Photocatalysis 

In early 1901, chemist Giacomo Ciamician conducted some of the first experiments to 

check whether light alone could drive any chemical reactions(Albini et al., 2008.) He 

performed experiments in the presence of red and blue lights. He discovered that a 

chemical reaction happened only in blue light. He designed experiments such that it 

excluded the likelihood that reactions were instead driven by thermal heating produced 

because of light. It was only in 1911, “photocatalysis” keyword was first mentioned in 

some of the scientific literature. (Bruner & Kozak, 1911) The scientific community 

referred to the bleaching of Prussian blue in the presence of Zinc Oxide (ZnO) in the 

illumination as photocatalysis. This has inspired the scientific community for 

performing consequent experiments using Zinc Oxide as a photocatalytic material in 

new chemical reactions like a reduction of Ag+ to Ag in the illumination of visible light 

in 1924(Baur et al., n.d.) Later in the year 1932 in the reduction reaction of AuCl3 to 

Au and AgNO3 to Ag was conducted out in the presence of Nb2O5 and TiO2 as 

photocatalytic materials. Later, in 1938 TiO2 was tested as a photosensitizer that can be 

used to bleach dyes along with the presence of O2 in the environment. (Goodeve & 

Kitchener, 1938)Till the late 1960’s Photocatalysis could not change the interest of the 

scientific community as it did not have any mainstream applications. In the early 1970’s 

the first-ever oil crisis and concerns to find an eco-friendly alternative to fossil fuels 

changed has brought photocatalysis as one of the interesting technologies that could be 

an alternative to the existing fossil fuel technologies. (Zhu & Wang, 2017) In the year 

1968, scientists at the Bell Lab created O2 in a lab environment on the surface of TiO2. 

(Boddy, 1968) In the year 1972, photo‐assisted H2O oxidation along with the 



 

 

11 
 

production of  H2  was achieved using electrodes made of TiO2  illuminated with  UV 

radiation, which was reported by Fujishima and Honda. (Fujishima et al., n.d.) In the 

year 1977 for the first time, water splitting (through the photocatalytic process) was 

achieved with no external energy other than light, resulting in a yield of O2 and H2 in 

presence of argon gas. Later in 1979, photocatalytic CO2 reduction was reported using 

different inorganic semiconductors by Fujishima and his research group. (Inoue et al., 

1979)These efforts have led to the advances in applications of photocatalysis for many 

new fields, that drew significant interest in the scientific community in the early 1980s 

to research analogous reactions using TiO2 as the photocatalytic material. Since the 

1980s, investigations were concentrated on recognizing the underlying principles, 

improvising the efficiencies of the photocatalytic performance, exploring new 

photocatalytic material, and developing the scope of the reactions. For example, the 

super‐hydrophilicity effect due to the photocatalytic activity was discovered on TiO2 in 

1997. (Blondeel et al., 1983.; Halmann et al., 1984.)   

2.2.2 Understanding Heterogeneous Photocatalysis  

In any semiconductor, we can use a couple of quantities to define the semiconducting 

properties of materials; they are carrier mobility and carrier density. Where carrier 

mobility can tell us how good the material is in transporting the mobile charge carriers 

in the material. Whereas carrier density refers to the number of carrier charges that can 

be packed in each amount of volume of the semiconducting material. These two 

quantities are inversely proportional. We can observe these properties in materials such 

as graphene and III-V group (GaN, InP) semiconductors have high mobility of the 

carriers in the material and very low carrier density because the band structure of these 

materials are inherently built in such a way that they can only hold a very small amount 

of charge carriers but they can move the charges in an extremely efficient manner. On 

the other hand, some materials have high carrier densities and low carrier mobilities 

such as Transition metal oxides (NiTiO3). Many materials such as graphene and III-V 

semiconductors tend to have conduction happening through the valence bands that have 

prominent characteristics of s and p orbitals. These materials have very high carrier 

mobilities because of the high dispersive nature of the s-p hybridized orbitals. While in 

the case of transition metal systems we tend to see d band conduction where the carrier 

density goes up but the carrier mobilities in these systems are extremely low but the 

carrier density is extremely high. There has been a significant effort being made by the 
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scientific community to take these systems and retain the carrier density and increase 

carrier mobility. Two major factors that affect carrier mobility are 1.the large density 

of states in the system and 2.the scattering processes that happen in the system.  

 

Let us take a semiconducting material that has some of the empty energy levels and 

gradually when we move down, we have a gap in the empty energy levels. The gap in 

the energy levels can be described as the difference between the highest energy level of 

the valence band and the lowest energy level of the conduction band. Then we have a 

set of energy levels that are gradually filled with electrons (i.e) filling the bonding 

orbitals with electrons there are electrons in each bonding orbitals and these electrons 

are known as valence electrons and the energy band that has electrons are known as the 

valence band. The gap plays an important role in defining the absorption of the photons 

of suitable energy. The energy bandgap in the semiconductor can be fine-tuned to 

energy levels that determine the part of the solar spectrum that is absorbed (i.e) visible 

region, UV, or near IR regions of the solar spectrum. The empty orbitals are described 

as the molecular conduction band. These are also called antibonding orbitals as the 

energy level is much higher when compared to the energy of the bonding orbitals. When 

this semiconducting material is hit with a photon of suitable energy then the electron 

from the bonding orbital is excited to one of the lowest empty antibonding orbitals, 

which essentially creates a vacancy in the bonding orbital, in many cases, this is referred 

to as a hole. Generally, the hole is considered an arbitrary positive charge that is 

generated when an electron is excited.  

 

To make an efficient heterojunction photocatalyst we sandwich this semiconducting 

material with suitable materials, such that we will be successfully withdrawing a hole 

from one side of the active material. The gradient of energy levels across the different 

materials creates an electrical field that behaves as a guiding force in the transfer of the 

charges from one material to another. The selection of the complementing materials is 

done in a particular way that the generated hole from the semiconducting material is 

readily transferred to the electrode material this material is responsible for grabbing the 

hole that is generated from the conduction band to the valence band with the least 

amount of energy lost during the process. On the other side of the active photocatalyst 

material, there is a redox reaction that happens in presence of atmospheric moisture or 
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water which takes the electron from the surface and turns the water into redox radicals 

like super ion or hydroxyl ions. These redox ions react with organic dyes and other 

pollutants present in the atmosphere/environment to reduce them into less harmful 

substances. 

2.3 Visible Light Photocatalysts  

Figure 2.4  

Electromagnetic Spectrum 

 

Visible light photocatalysis refers to a phenomenon where an active photocatalytic 

material absorbs the light in the range of the visible electromagnetic spectrum and gets 

to an excited state resulting in the generation and driving of the reaction using 

photogenerated charge carriers. Visible photocatalysis is used in many areas like 

detoxification of water, treatment of air pollutants, generation of antimicrobial coatings, 

etc. One of the important advantages of using visible light as a source is that it is 

abundantly available in nature, safe for human beings, and a completely eco-friendly 

source of energy. (Gunti et al., 2018). Visible Photocatalyst can be divided broadly into 

two types: single material photocatalysts or heterojunctions (which include Z-scheme 

systems). 
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Figure 2.5  

Different Types of Photocatalysts (I)N-Type Photocatalyst ;(II) P-Type Photocatalyst 
;(III) Heterojunction Photocatalyst 

 

 

2.3.1 Single Material Photocatalysts 

Single material photocatalysts are generally a semiconductor of a specific type (i.e. n-

type and p-type semiconductors). The bandgap in the material is within the scope of the 

visible spectrum.  In the case of p-type photocatalysts, the fermi level is closer to the 

valence band of the material and facilitates the transfer of holes as majority charge 

carriers. Whereas in n-type photocatalysts the Fermi level is closer to the conduction 

band of the semiconductors and enables the transfer of electrons as majority charge 

carriers. Some of the main drawbacks in single material photocatalysts are 

simultaneously achieving, favorable band alignments in the electronic structure and 

narrow bandgap, and low recombination of charge carriers in a single material. Some 

of the strategies that are used for enhancing the performance of visible-light single-

material photocatalysts can be used to enhance the performance of individual materials 

in sophisticated photocatalysts. Some of the main strategies involve the optimization in 

surface area, crystal structure, and morphology; the organization and control of native 

defects; or doping the materials with different materials to finetune the optical and 

electronic properties. Some of the material can also be used as sensitizers which are 

used to optimize the absorption of materials in the visible spectrum of the 

electromagnetic spectrum. 
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2.3.2 Heterojunction Photocatalysts 

To increase absorption of the light in the visible region, without compromising with the 

increase in the recombination rate of charge carriers, semiconductor–semiconductor or 

metal-semiconductor heterojunction photocatalysts can be used. Heterojunction 

photocatalysts are broadly classified into 3 types: 

1.Common heterojunction photocatalysts 

2.Z scheme heterojunction photocatalysts 

3.Plasmonic heterojunction photocatalysts 

 

Common Heterojunction Photocatalysts 

One type of the major type of classification is based upon the energy band configuration 

namely the Stradling gap (Type I); Staggered gap (Type II); Broken Gap (Type III). 

Figure 2.6   

Various Mechanisms in Heterojunction Photocatalysts (I)Stradling Gap;(II) Staggered 
Gap ;(III) Broken Gap 

 

 

In the Stradling gap type of heterojunction semiconductor, the valance band of the first 

semiconductor is lesser than the valance band of the second semiconducting/ 

conducting material. The conduction band edge of the second material is lesser than the 

conduction band of the first semiconducting material. When these types of 

photocatalysts are irradiated with light charge carriers will be collected at the valence 

band and the conduction band levels of the second semiconducting material, 

respectively. In this type of photocatalyst, the charge carriers are accumulated on the 
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second semiconductor material only, the charge carriers cannot be efficiently separated 

for the Stradling gap type heterojunction photocatalyst. (Zhou et al., 2012)    

For the Staggered gap (Type II) heterojunction photocatalyst the valence band and the 

conduction band levels of the first semiconducting material are higher than the 

corresponding photocatalyst the conduction band and the valence band levels of the 

second semiconductor. Therefore, the electrons that are generated when illuminated 

with light will flow to the second semiconducting material, while holes will migrate to 

the first semiconducting material under light illumination, thus resulting in efficient 

spatial separation of charge carriers in two different materials and at different energy 

levels. Like the type-I heterojunction, the reaction potential of the Staggered gap (Type 

II) heterojunction photocatalyst is decreased due to redox reaction happening on second 

semiconducting material with a lower reduction potential and primary semiconducting 

material with lower oxidation potential. (Marschall, 2014; Moniz et al., n.d.; H. Wang, 

Zhang, et al., n.d.) 

 

The architecture of the Broken Gap (Type III) heterojunction photocatalysts is 

analogous to that of Staggered gap (Type II) heterojunction photocatalysts with the 

exception that the staggering gap between the two semiconducting materials becomes 

extremely high that the bandgaps of the materials do not overlap at all. Thus, the charge 

carriers transfer between the two semiconducting materials will not occur at the 

heterojunction. This makes this type of photocatalyst unsuitable for improving the 

separation of charge carriers. (Hyun et al., 2013; Shi & Chopra, 2013)     

 

Z scheme Heterojunction Photocatalysts 

In a Z-scheme photocatalyst, the electron transfer happens from the conduction band of 

one semiconducting/conducting material into the valence band (VB) of another material 

via an electron mediator that confirms there is a higher difference between reduction 

and oxidation energy levels when compared to the heterojunction(Huang et al., 2019; 

L. Jiang et al., 2018) These types of hetero photocatalysts can theoretical maximum 

efficiency of 40% in terms of conversion efficiency of solar energy, which is 

comparatively greater than the conversion efficiency of single photocatalysts( around 

30%). (Y. Wang et al., 2018) 
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Plasmonic Photocatalysts 

For all the above-listed photocatalyst classes of materials, we can improve 

photocatalytic activity by combining metal nanoparticles to use plasmonic effects that 

happen in metal nanoparticles, i.e. resonant oscillations of electrons that are present 

within the metal nanoparticle. The wavelength (of Plasmonic oscillations) of material 

directly depends on the dielectric function of the material, morphology, and size. (Q. 

Jiang et al., 2018). When these Plasmonic effects are combined with other functions for 

the material we get enhanced photocatalytic performance. One example is the inclusion 

of plasmonic nanoparticles in Z-scheme photocatalysts. (Lu et al., 2017) The 

enhancement of the photocatalytic activity due to the inclusion of plasmonic 

nanoparticles may occur in multiple mechanisms, namely, plasmon resonance energy 

transfer, injection of the hot electron, enhancement of localized electromagnetic field, 

also from dipole-dipole interaction of the materials. (“Evidence for Plasmonic Hot-

Electron Injection Induced Superior Visible Light Photocatalysis by G-C3N4 

Nanosheets Decorated with Ag–TiO2 (B) and Au–TiO2.One of the most common 

plasmonic nanoparticles is Ag (Silver) nanoparticles because of their strong nature of 

localized surface plasmonic resonance even though other metals are also used for 

plasmonic enhancement. (Kumar Ray et al., 2019) 

2.4 Strategies Employed to Enhance the Efficiency of Photocatalysts. 

The first method of enhancing the performance of photocatalysts is to enhance their 

photocatalytic activity by controlling the structural orientation of the crystals/ exposing 

the more reactive planes of the crystal. The crystal/lattice structure of a semiconducting 

material alters the photocatalytic efficiency of the material. (Xie et al., 2015). 

Generally, photocatalytic reactions happen on the active sites of a photocatalyst’s 

surface, and photocatalytic efficiency can be improved by reducing the size to 

nanometers and optimizing the surface morphology of the material. (Ge et al., 2016) 

The overall number of active sites increases with an increase in the specific surface area 

of the material which in return increases in the crystal facets that have higher 

photocatalytic activity. (Ge et al., 2016; Kumar et al., n.d.) Typically, effects of change 

in morphology of the material (for example, nanocrystals vs nanowires of the same 

material) on overall photocatalytic activity of the material is interpreted as structural 

sensitivity of the nanostructure. (Kumar et al., n.d.) 
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The second method is to control the electronic band structure of the existing 

photocatalysts materials through modification of the defect modification or doping of 

the material with ions. Doping is one of the most common methods to spread the 

absorption response of a material to longer wavelengths of the electromagnetic 

spectrum. It is also used to control the growth of photocatalyst to alleviate additional 

reactive surfaces to enhance overall photocatalytic activity. (Ruan et al., 2019)One 

example of this approach is the modification of TiO2, doping of TiO2 with Nitrogen, 

which is reported with exceptional photocatalytic properties in the illumination of 

visible light(Asahi et al., 2001; Hara et al., 2003)   

The third method is creating heterojunctions with different semiconductors having 

distinct band structures, in a particular way that generation and splitting of 

photogenerated carriers are understood by matching of electronic bandgap structures of 

the materials. Some of the examples that have demonstrated the success of this approach 

are AgI/BiOI, Bi2O3/BiWO6, and TiO2/WO3 heterojunctions that could efficiently 

inhibit charge carrier recombination and significantly improved photocatalytic 

performance. (Peng et al., 2014; Puddu et al., 2007; Q. Yang et al., 2017) 

 

Based on the success of all the above-mentioned three approaches, through this study, 

we plan to fabricate heterostructure leading to the enhancement of photocatalytic 

coating efficiency by improving the optical response of the semiconductors and limiting 

the recombination of photogenerated charge carriers within the material. We choose 

nickel titanate (NiTiO3) and nickel oxide (NiO) as two semiconducting materials for 

our heterostructure nano-photo catalytic coating.  
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2.5 Nickel Titanate 

Figure 2.7   

Ilmenite Structure Lattice (I)Top View;(II) Three-Dimensional View ;(III) Side View. 

 
 
Metal Titanate oxides include metals, like cobalt, nickel, ferrite, copper, zinc, lead are 

well-identified universally as inorganic functional materials that have a broad range of 

applications in various industries. Some of the industrial uses are the raw material in 

the manufacturing of rectifiers, electrode plates of a solid oxide fuel cell, hydro 

carbonate catalyzers, gas sensing devices, color mixtures, etc.(Fisch, 1995; Harris et 

al., 1997; Phani & Santucci, 2001; Taguchi et al., 1992) 

 

NiTiO3 has an ilmenite structure lattice. Ti & Ni atoms preferably have octahedral 

coordination along with alternating layers of cations that are filled only by Ni 2+& 

Ti4+only. (Inceesungvorn et al., 2014; Lin et al., 2006a; Nguyen-Phan et al., 2013) 

NiTiO3 is an n-type semiconductor and has a bandgap of 2.15 eV. (Fan et al., 2012) 

NiTiO3 is one of the promising materials that could be used for visible light- 

photocatalysis because of its narrow bandgap, where charge carriers can be easily 

excited to the conduction band by illuminating the material with visible light. It also 

has some weaknesses like poor quantum efficiency and a rapid recombination rate of 

charge carriers when it is used as a photocatalyst with individual phases. Electron 

transitions from Oxygen(O2) / Titanium (Ti4+) (conduction band) happens in presence 
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of UV light. When illuminated with visible light, Nickel (Ni2+)/ Titanium (Ti4+) 

transitions happen. But because of the geometry of NiTiO3, weakens the strength of the 

oscillation’s leading to the Ni2+ / Ti4+ weak charge transfer. NiTiO3 has a great blend 

of 3d orbital of Ni along with 2p orbital of O in the valence band. There is a pseudo 

bandgap of nearly 0.3 eV that is created in the valence band of NiTiO3 approximately 

at 1.4 eV is a result combination of orbitals because of the strong covalent nature of 

Ni–O bonds. 

 
To overcome the fast recombination, there have been multiple studies to change some 

of the properties of NiTiO3 which include the making of composite materials by making 

use of carbon-based materials like gC3N4(Pham, Kang, et al., n.d.; Pham, Nguyen-

Huy, et al., n.d.; Sadjadi et al., 2008; H. Wang, Yuan, et al., n.d.), making use 

of heterojunctions made along with inorganic nanoparticles (Inceesungvorn et al., 

2014), and as well as the doping into the crystal structure. (Lenin et al., n.d.; Lin et al., 

2006b; Pham, Kang, et al., n.d.). We will be using the strategy of heterojunction 

photocatalysts to overcome this problem of rapid recombination.   

 

2.6 Nickel Oxide 

NiO has a wide bandgap. Currently, transparent conducting metal oxide (TCOs) thin 

films, like tin oxide, indium oxide, and zinc oxide, are usually utilized as materials for 

coatings on glass surfaces for optoelectronic devices and transparent electrodes. 

(Gopchandran et al., 1997; Joseph et al., 1999) All of the above-mentioned thin-film 

materials are n-type semiconducting materials. There has been growing interest in p-

type semiconducting films with an increasing need for in which hole injection is 

required like optical windows for devices. Nickel Oxide is a p-type semiconductor 

material and has a bandgap in a range of 3.6 eV - 4.0 eV. Nickel Oxide is transparent 

to a wide range of electromagnetic spectrum which makes NiO a material that can 

address a wide range of the need for such kind of material. A widely used application 

of NiO is as P-type oxide material for MOS devices(Sasi et al., n.d.) Structurally NiO 

has a cubic lattice structure, similar to NaCl where Ni+2 and O2- occupy the octahedral 

lattice sites. 
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On the other hand, one of the interesting applications of NiO is in third-generation solar 

cells. NiO has gained immense interest in the scientific community as a hole transport 

material in the perovskite solar cells due to its optoelectronic properties. It has been 

proven that the use of NiO increases photoconversion efficiency. 

Typically, NiO in its Pure stoichiometric form is an excellent electrical insulator at 

room temperature. Nevertheless, oxygen is present in excess in practice, because of the 

presence of Ni2O3 and NiOOH. Generally, NiO always tends to exist in a 

nonstoichiometric state, which is broadly denoted as NiOx. Due to the existence of extra 

oxygen usually ends with vacancies of Ni (i.e.) holes, so NiOx is usually behaving as 

p-type semiconducting material. NiOx has a work function of 5.4 eV. NiO has wide 

bandgaps which range from 3.6to 4.0 eV, this bandgap enables its high transparency 

mainly in the UV and visible spectrum. Thus, making NiOx a potential p-type 

transparent conductive oxide. (Sato et al., 1993; Sawatzky & Allen, 1984)  

2.7 The Architecture of the Heterogeneous Photocatalytic Coating  

One of the key steps is the generation of charge carriers at the NiTiO3 surface. 

Separation and movement of the charges will be promoted due to the electronic band 

displacement at the NiO/NiTiO3 junction. The above-mentioned separation facilitates 

the effective use of the photogenerated charge carriers. When these coatings are 

illuminated with UV and Visible spectrum, electrons would absorb energy in NiTiO3 

and NiO, then they would get excited from the valence band of the respective material 

to the conduction band, leaving behind holes that are generated at the valence band. 

Near the heterojunction interface at NiTiO3 and NiO, the NiO conduction band (−1.23 

eV (ENHEV)) (Rawool et al., 2018) comparatively lower when compared to that of 

NiTiO3 (0.23 eV (ENHEV)) (S. Li et al., 2018), essentially resulting in the free flow of 

electrons from the conduction band of NiO to NiTiO3. Simultaneously, Organic dye 

will be decomposed because of the holes that are generated in both NiO and NiTiO3 

when illuminated with light. However, the valence band edge of NiTiO3 is greater when 

compared to the reduction potential of H2O i.e. (2.38 eV). The superoxide (O2-) radicals 

and holes are going to play a very important role to play in the process of photocatalytic 

degradation due to NiO/NiTiO3 heterojunction. One more thing that would play a 

crucial role is the differences between the valence band potentials of NiTiO3 and NiO. 

This difference drives the holes generated at NiTiO3 to the valence band of NiO. 
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Additionally, the p-n heterojunction created by NiO and NiTiO3 results in the formation 

of a localized electric field at the interfaces. The charge carrier movement in different 

directions which is driven by the localized electric field will effectively help us in 

suppressing the recombination, thereby essentially boosting the photocatalytic 

efficiency of the photocatalytic coating. 
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CHAPTER 3 

METHODOLOGY 

3.1 Materials & Equipment 

Following chemicals and materials were used in this study:  

Titanium (IV) Isopropoxide (98% purity from Alfa Aesar), Nickel (II) Acetate 

tetrahydrate (98% purity from Aldrich), Hydrochloric acid (HCl), Deionized water 

(18.2Ω) (from AKA smart2 pure D.I water dispenser), Quartz substrate, Acetone, 

Ethanol (RCI Labscan), Methylene Blue (Carlo ERBA), Methyl Red (Carlo ERBA), 

Methyl Orange (Carlo ERBA). Only chemicals of the analytical grade were used 

directly without any further purification. 

 

Following equipment were used in the study: USB 4000 with DH2000, Keithley 617 

Electrometer, NI GPIB -USB-HS connector, A system with software (Python3.9.5, NI-

VISA drivers, Spectra suite), Ultrasonicator (Kudos SK 3210HP), Airbrush with 

portable air compressor, Deerma FH630 ultrasonic humidifier, Sensitive balance 

(Sartorius CP2250), Hotplate (IKAC-Mag HS7), beakers, measuring cylinders. 

3.2 Substrate Preparation  

We have used FTO coated glass (85% transparency in the visible region) and Quartz 

glass as our substrates. The FTO coated glass was used for samples to perform electrical 

characterization. All substrates (FTO, Quartz) were cut into 20 x 20 mm. The substrates 

were then thoroughly washed using a detergent and water mixture and ultrasonicated 

for 20 mins in DI Water. Samples were rinsed with DI water 2 times. All the substrates 

were again cleaned for 2 cycles, using Acetone, Ethanol, and DI water using 

ultrasonication for 15 mins. Subsequently, substrates were cleaned using tissues and 

placed in a clean tray with aluminum foil and heated to 230℃ using a convection oven 

and kept for 20 mins. The substrates were allowed to be cooled down to room 

temperature. 

3.3 Synthesis of NiO Thin Films 

We used a bottom-up approach for the synthesis of NiO thin films using a spray 

pyrolysis technique. The main properties that determined the quality of the thin films 

were substrate type, the temperature of the substrate, spray rates, and droplet sizes 
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which depend on spray rate, carrier gas, the diameter of the nozzle, and concentration 

of pressure of the carrier gas. (Manifacier et al., 1981; Sakhare et al., 2016) From the 

above, the spray pyrolysis technique is highly tunable and controllable in nature. When 

compared to other fabrication methods spray pyrolysis technique requires low 

temperatures, no vacuum, less power for the fabrication process and can be used for 

large-scale thin film deposition. (Eberspacher et al., 2001; Filipovic et al., 2013) 

 

3.3.1 Synthesis of NiO Compact Thin Film 

We have taken the cleaned and dried substrates, to begin with. We ultrasonicated the 

substrates in water for 3- 4 mins and cleaned them using a tissue. Substrates were then 

heated to 200℃ for 10 mins and allowed to cool down to room temperature. Once the 

samples were cooled down, they were used for further synthesis. 

0.07M solution (~1.55 ml/ Substrate) of nickel acetate was prepared in Ethanol. The 

pH of the solution was adjusted to pH 4 by adding dil. HCL(2M) to the solution under 

constant stirring at nearly 2500 rpm on a hot plate. This was done at room temperature. 

Once solution pH was adjusted, it was allowed to stabilize on a hot plate at 60℃ (slowly 

increased from room temperature at 5℃/5 mins steps) for 2 hours under stirring at 2500 

rpm speed. Airbrush was calibrated to a flow rate of 2ml / minutes at 2barr pressure 

using ethanol. A hot plate was taken, and a ceramic plate was placed on the hot plate to 

ensure uniform heat distribution. Cleaned substrates were placed on the ceramic plate 

and slowly the hot plate was heated to 290℃ (in 5℃/ min steps) (make sure that the 

substrate has 80⁰C on the surface) and kept constant throughout the process. The 

solution was transferred to an airbrush and sprayed on the substrates from a constant 

distance of 15cm from the hot plate. The solution was sprayed for 10 secs and a delay 

of 1 min was given before the next spray. All solution was sprayed uniformly onto the 

substrates. The hot plate was turned off t the end and the substrates were allowed to 

cool down to 30℃ naturally before the substrates were taken from the hotplate. The 

ceramic plate along with the samples were then transferred to a hot air oven and kept at 

80℃ for 1 hour and allowed to soft bake. The samples were taken out and allowed to 

come to room temperature. Samples were annealed again at 450℃ for 2 hours. The 

furnace temperature was increased from 30℃ to 450℃ at the rate of 4.3℃/ minute. 

The furnace was allowed to cool down to room temperature before samples were taken 

out of the furnace. 
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Figure 3.1   

Synthesis of NiO Compact Thin films on Quartz Substrate 

 

 
3.3.2 Synthesis of NiO Porous Thin Film 

0.05M solution (~2.22 ml / Substrate) of Nickel Acetate was prepared in Ethanol. A 

procedure similar to the above synthesis steps is performed, the only changes are we 

use 0.05M solution and we spray in short pulses on the surface of the substrates.  The 

solution was sprayed for 10-15 secs and a delay of 30-45 secs was given before the next 

spray. All solution was sprayed uniformly onto the substrates. The hot plate was turned 

off and the substrates were allowed to cool down to 30℃ naturally before the substrates 

were taken from the hotplate. The ceramic plate along with the samples were then 

transferred to a hot air oven and kept at 80℃ for 1 hour and allowed to soft bake, this 

step has helped in the formation of uniform thin films. The samples were taken out and 

allowed to come to room temperature. Samples were then transferred to a muffle 

furnace for annealing at 450℃ for 2 hours. The temperature of the furnace was 

increased from 30℃ to 450℃ in 2 hours. 
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Figure 3.2  

Synthesis of NiO Porous Thin films on NiO Compact layer Quartz Substrate/ FTO 
Substrate. 

 

3.4 Synthesis of NiTiO3 Thin Film on the NiO Thin Film 

A modified spray pyrolysis coating technique (Phani & Santucci, 2001; Vijayalakshmi 

& Rajendran, 2012) was used to synthesize the NiTiO3 thin film on the NiO thin film. 

This process has many advantages when compared to other techniques such as 

polymeric precursor (Lopes et al., 2009), co-precipitation (Gabal et al., 2013), and 

modified pechini method (Fan et al., 2012; Inceesungvorn et al., 2014; Lin et al., 2006a; 

Saito et al., 2020), stearic acid gel (Sadjadi et al., 2008), polymer pyrolysis(J. L. Wang 

et al., 2013). Advantages of using this technique are as follows: a) precise 

stoichiometric control, b) an increased rate of reaction, c) selective heating, d) 

environmentally friendly processing, e) greater reproducibility of the reactions, f) lower 

crystallization temperature, g) Low cost, h) scalable process, i) crack-free thin film j) 

semitransparent thin film. (Vijayalakshmi & Rajendran, 2012)   

 

Experimental Procedure  

0.01M nickel acetate and titanium isopropoxide (TTIP) (~ 4.27ml/ substrate) in ethanol 

were made. 0.06M (~ 4.27ml/ substrate) citric acid solution in ethanol was prepared 
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separately. Citric acid and TTIP solutions were added to a reaction flask and stirred 

vigorously. Slowly nickel acetate solution was added into the reaction flask and kept at 

constant stirring at 2500 rpm, 60℃ for 2 hours. The mixture was allowed to cool down 

to room temperature. Airbrush was calibrated to a flow rate of 4 ml/min at 2 bar 

pressure. A hot plate was taken, and a ceramic plate was placed on the hot plate to 

ensure uniform heat distribution. Cleaned substrates/ coated substrates were placed on 

the ceramic plate and slowly the hot plate was heated to 305℃ (in 5℃/ min steps) and 

kept constant throughout the process. The solution from the reaction flask was sprayed 

on all the substrates. The samples were allowed to cool down to normal temperature. 

Samples were allowed to soft bake at 80℃ for 1 hour in an air oven. Samples were then 

transferred to a muffle furnace for annealing at 600℃ of 4 hours. The temperature of 

the furnace was increased from 30℃ to 600℃ in 3 hours. 

Figure 3.3   

Synthesis of NiTiO3 Thin Films. A Graphical Interpretation of Synthesis Process. 
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3.5 Characterization of the Thin Films 

3.5.1 X-Ray Diffraction 

X-ray powder diffraction (XRD) is an analytical technique mainly used for identifying 

phases of a material in the crystal and determining unit cell dimensions. We have 

collected the data by changing the angle of incidence of the X-rays. The diffraction 

patterns were compared to the data of the International Center of a Diffraction Database 

(ICDD) for getting to the conclusion of the lattice structure.  

We have used XRD to determine the phase from the NiO, NiTiO3 individual thin films, 

and Heterojunction. We have used the characterization facility at MTEC, (NSTDA, 

Thailand) for performing the XRD. The X-ray diffraction was performed on the Rigaku 

TTRAX III machine. We have used a Cu kα as a source for the X-rays (λ = 1.5406 Å). 

The sample was scanned from 20⁰ to 70⁰ of 2θ angles at a speed of 10⁰/minute. Data 

analysis was carried out using Powdll, Maud, and Qualx software, and XRD patterns 

were compared to the ICDD and Crystallography open database. 

3.5.2 Scanning Electron Microscopy (SEM) 

The surface morphology, grain size, average layer thickness was calculated from the 

cross-section of the heterojunction. The thickness of coatings helps us to realize the 

relationship between the photocatalytic degradation rate and the thickness of the 

photocatalytic coating. The sample was cleaned with DI water thoroughly and dried at 

90℃ for 2 hours. The samples were sputtered with platinum, to make the surface more 

conductive, which results in higher clarity of the surface morphology. The gold coating 

makes it suitable for the analysis of the chemical composition using X-ray analysis. For 

the cross-section analysis, a sample was cut from one of the edges, and this sample was 

also sputtered with platinum. For the Scanning electron microscopy, Hitachi SU5000 

FESEM was used. We have used the NCTC laboratory for performing FESEM. An 

accelerating voltage of 5 kV was used for imaging purposes. The magnification was 

varied from 5k to 100k for different images.  

 

3.5.3 Energy-dispersive X-ray Spectroscopy (EDX) 

EDX is an analytical technique used for characterizing and analyzing the elemental 

composition of individual thin films. In our study we have used this technique to study 

the elemental composition of the thin films, this helped us understand the thin film 
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composition. One of the most important aspects of this analysis would be the formation 

of the nickel titanate, as there is a possibility of the formation of nickel oxide and 

titanium oxide on the same thin film. Specific peaks at energies represent the presence 

of specific elements in the specific area of the nanostructure. A Horiba 70527 X-Ray 

Detector was used along with SU5000 FESEM. An accelerating voltage of 15kV was 

applied, with a magnification of 15000 X.  

3.5.4 UV-Visible Spectroscopy 

This is a simple spectroscopic technique that is used to determine the sample’s optical 

properties. We have used absorption & transmittance spectroscopy to understand the 

optical bandgap of the material. This gave us an understanding of the optical bandgap 

of the material, thickness, uniformity of the thin film. The sample was exposed to well-

calibrated light sources in the UV-Visible region of the electromagnetic spectrum. The 

changes in the light were observed to determine the material, quantity of material. 

Various materials absorb different parts of the visible spectrum. The spectrometer 

consists of a deuterium lamp that acts as a UV light source and a halogen lamp that acts 

as a visible light source. The absorption of the light by the sample is related to the 

bandgap of the material. We have examined the changes in the material, after being 

exposed to a wide range of humidity and photo exposure conditions. We have used the 

spectra suite software that comes bundled with USB4000 for analysis of the sample.  

 

3.6 Stability Testing of the Heterojunction 

The Heterojunction was tested for its stability in various light conditions for different 

intervals of time. We have exposed the heterojunction to different light sources namely 

UV light, Halogen light. Optical properties, electrical properties were studied using IV 

Characteristics (Current-Voltage), optical characteristics using UV-Visible 

spectroscopy.  

 

3.6.1 Photostability Test 

We have used a Philips (TUV 6W, G6 T5) tube light as a UV light source, Philips 50W 

halogen lamp as a visible light source, as different sources of light. The sample was 

placed at 10cm for UV-light and 15-20cm for halogen light. We placed the samples 

under the light for 24 hours (sampled every 6 hours) and samples were taken out and 
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characterized using UV-Visible spectroscopy, and an electrometer to study the change 

in optical and electrical characteristics of the heterojunction. 

Figure 3.4  

Photostability Test Setup. 

 

3.6.2 Stability against Humidity (RH) 

The heterojunction was tested against various humidity conditions by varying the 

relative humidity (60%, 80%). The heterojunction will be placed in a closed space and 

a smart humidifier kept inside, which creates and monitors the required humidity 

conditions. We then analyzed the changes in the electrical, optical of the heterojunction.  

 

3.7 Characterization Techniques Set up and Procedures for Stability 

3.7.1 UV -Visible Spectroscopy 

We have used a USB 4000 module from Ocean Optics along with spectra suite software 

to perform the UV-Visible spectroscopy to find the changes in the optical response of 

the heterojunction samples after each test. The sample holder was cleaned thoroughly 

using dry tissue. The light source was turned on and the USB 4000 is connected to a 

system with spectra suite software installed. The standard procedure for obtaining the 

absorption spectrum was followed.  

3.7.2 Electrical Current-Voltage (IV) Characteristics 

We have determined the electrical characteristics of the heterojunction using an 

electrical setup, as shown in Figure 3.5. Voltage was varied using an electrometer 

(Keithley 617) from -2V to +4V with an increment of 0.05V at each step. The 

electrometer was also used to record the respective current value for the samples as we 

vary the voltage. A graph was plotted between the varying voltage and corresponding 

current values. Changes in the IV curve of the heterojunction gave us information 
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regarding the change in the electrical properties of the heterojunction. A computer was 

used to interface the electrometer.  

Figure 3.5  

A Mock Diagram of the Connections for the IV Curve Measurement of the 
Heterojunction Using Keithley -617 Electrometer. 

 

3.8 Photocatalyst Stability Analysis 

3.8.1 Photostability 

The IV curves of the heterojunctions were analyzed for the change in the electrical 

response. We found the difference by overlapping the IV curves on each other and 

tracking the difference in the IV curves. The heterojunction was called electrically 

stable in all the above conditions if there were no change (no significant change) in the 

electrical response of the heterojunction. We have analyzed the absorption spectrum for 

the changes in the optical properties. The heterojunction was called optically stable if 

there was no change in the optical response of the material. The heterojunction was 

called a photostable if there was no change in the electrical, optical properties of the 

heterojunction.  

3.8.2 Stability Against Relative Humidity 

We have analyzed the changes in the electrical and optical properties of the 

heterojunction similarly to the above-mentioned manner in the photostability section. 

But all the experimental procedures were followed in a closed environment, 

temperature and humidity were continuously monitored.  
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3.9 Photocatalytic Degradation Performance 

For photocatalytic degradation performance testing, we have used various dyes 

Methylene Blue, Methyl Orange, Methyl Red (10mg/l) as samples of organic 

pollutants. We place our substrates in a beaker along with the model dye solution. 

Beakers were left in the complete dark for 90-120 minutes to complete dark reaction 

treatment. After 15 mins, a full-spectrum light source (halogen light source calibrated 

to give an intensity of 1000w/m2, an equivalent to AM1.5 illumination of the sun) was 

turned on, which has provided a stable light illumination. The dye solution was 

collected at regular intervals of time (for every 15 mins) till 150 minutes of one full 

illumination. To eliminate the heating of the substrate we have used a water bath, placed 

between the light source and the samples. We have also used a convex lens to focus the 

beam of light straight onto the coating itself.   

 

The absorbance of the collected liquid was recorded using a UV- Visible 

spectrophotometer. The decay of the model dye solution was be observed by 

determining the absorbance peaks for the solution by using the UV–vis 

spectrophotometer (at 470nm, 520nm, 661nm for Methyl Orange, Methyl Red, 

Methylene Blue respectively) using a glass cuvette. Peaks were observed between 400 

and 700 nm, which are indications of the degradation of the model dye solution. From 

our understanding of Beer-Lambert Law, the concentration of dye solution is 

proportional to absorbance. Through this, we were able to calculate and quantify the 

photocatalytic degradation rate of the model dye solution. We have used the following 

equation for our calculations: 

𝑅 =
𝐶 − 𝐶

𝐶
× 100%            (𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3.1) 

where, 𝐶  is the initial concentration of the model dye in the solution and Cf is the 

concentration of model dye in the solution taken out at different times of the irradiation. 
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Figure 3.6 

 Photocatalytic Degradation Test Setup. 

 
 
 
We quantified and compared the photocatalytic degradation efficiency over a fixed 

interval of time (150 minutes) using the percentage of the dye degraded. The three dye 

solutions would be compared in terms of the highest amount of dye degraded. We then 

estimated the degradation of each dye using two different light sources and 3 different 

dyes. We will be finding out the most effective photocatalyst from all the above-

synthesized heterojunction and individual thin films. We have observed over the 

hypothesis of the study (i.e) how does heterojunction changes the photocatalytic 

degradation efficiency. We have also used the spectrometer to determine the 

photodegradation efficiency as a function of the absorbance of the dye in 470, 520, 660 

nm for Methyl Orange, Methyl Red, and Methylene Blue, respectively. We also used 

this technique as a quantitative method to discuss and find the change in photocatalytic 

degradation of the dye. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1  Substrate Analysis 

We have used silica fused quartz glass substrates as they have the most desirable optical 

and thermal characteristics which are the most desirable properties for the synthesis and 

development of the thin film Heterojunction photocatalysts. We have explored many 

options racing from uncoated ceramic tiles, porcelain, concrete, etc. We have found that 

the development of Photocatalytic heterojunction would be the easy and most 

economically viable method when we use silica fused quartz substrates, as we can use 

benchtop characterization techniques (UV-Visible spectroscopy) to study synthesized 

thin films. As our work mainly focuses on the optically active material thin films, silica 

fused quartz offers very high transparency in the visible region along with very high-

temperature tolerance up to (1200oC). We have performed some initial tests after 

receiving the samples. During our preliminary tests, the quartz substrate had no 

significant changes in the overall optical properties and did not have any damage 

visually, after treatment for 1 hour at 600⁰C in a muffle furnace. 

Figure 4.1  

Transmittance Data for the Blank Substrate Before and After Annealing. 
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4.2 Nickel Oxide Thin-Film 

A uniform thin film was deposited using the spray pyrolysis technique. We have coated 

the sample with a compact thin film followed by a porous, thin film. We have coated it 

with the compact thin film to prevent the heterojunction from shorting.  A Porous layer 

was deposited using a higher flow rate and lower concentration. We have characterized 

the thin films using UV-Visible spectroscopy, X-ray Diffraction, and Scanning Electron 

microscopy techniques.  

4.2.1 UV Visible Spectroscopy of NiO Thin Film 

We have used deuterium and halogen lamps as sources of ultraviolet and visible light. 

Light Absorption was observed using a blank quartz substrate as a reference sample. 

NiO thin films had pale brown color in visual appearance after annealing in the muffle 

furnace. We have used UV-Visible spectroscopy to understand the material formed. A 

significant peak was observed at 320-325 nm, in all the samples, while the amplitude 

of the peak was varied in each sample. For each sample, readings were taken from 4 

points and then averaged to get the final graph. The peak at 320 nm is reported in many 

works of literature, with this we have concluded that we could synthesize NiO thin films 

successfully(Mahmoud et al., 2011; Romero et al., 2010). The peak at 320 nm 

represents the bandgap of Nickel Oxide. We have previously observed the same peak 

consistently over the due course of repeated experimentation. The peak at 320-325 nm 

corresponds to the bandgap of 3.76 eV, which has been reported in many studies on 

NiO Thin films. During our study, we have found that substrate temperature and 

annealing temperature played a crucial role in the formation of highly crystalline thin 

films. Thin films synthesized at lower temperatures and higher pH were unstable and 

formed hydroxides.                     
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Figure 4.2  

(left) Blank Quartz Substrate ;(right) NiO Thin film 

  

Figure 4.3 

Absorption Spectra of NiO Thin Films 

 

4.2.2 X-Ray Diffraction of NiO Thin Films 

We have performed grazing incidence X-ray diffraction on NiO thin films with a Cu 

Kα X-ray as a source. We have observed the diffraction pattern from 20° to 70°, with a 

rate of 10° per minute. The data was converted into. XY file and we have done Rietveld 

refinement process by taking the observed data and compared to the ICDD database 

(ICDD-04-0835) and Crystallography Open Database (Crystallography Open 

Database: Search Results, n.d.; Thomassen, 2002)). There were high-intensity peaks 

observed at 37.2⁰, 43.2⁰,62⁰ referring to (111), (200), and (220) planes, respectively. 

High peaks in the X-Ray Diffraction are due to the high crystallinity of the thin films. 

(Crystallography Open Database: Search Results .; Thomassen, 2002) 
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Figure 4.4  

X-Ray Diffraction Data and Calculated Rietveld Fitted Curve. 

 

In the graph above (Figure 4.4) black dots represent the observed value from the 

experimentation. The red line is the fitted curve using Rietveld refinement by taking 

quartz and NiO X-ray diffraction patterns as a starting curve. After refinement, the 

calculated curve and the observed values have a very good curve fit. There is a shift in 

the peak positions, this is visible with two different lines, the longer line is the peak that 

is observed from the experimental value, while a shorter line represents the peak from 

the fitted curve. 
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4.2.3 Surface Morphology of NiO Thin Film 

From the Scanning electron microscope, we have observed the uniformity in the 
surface and try to understand the surface morphology of the NiO thin films. 

Figure 4.5  

SEM Image of Top Surface Morphology of NiO Thin Film A) With Higher 

Magnification, B) & C) With Lower Magnifications. 

 

 

In the above figure, we can differentiate the crystals from the thin film surface. All the 

crystals have a very clear cubical structure. From the figure (B) and (C) we can 

observe that the film is not continuous rather the film is highly porous, with a decent 

distribution uniform sizes of the nanocrystals.  

4.3 Nickel Titanate Thin Films 

We have used the modified Pechini method for the synthesis of the NiTiO3 thin films. 

We have not found any work, where this method was used to synthesize the thin films 

using this method. In all the other literature, this method was used to synthesize NiTiO3 

powders. In this work, we have tried to synthesize thin films by making a tweak in the 

synthesis method. We have used the same method for the preparation of the precursor 

solution. In powder synthesis, the precursor solution is slowly heated to evaporate the 

solvent and formation of the sticky gel, which is further calcined at a higher 

temperature, to obtain a ceramic powder with an extremely large grain size. We have 

used spray pyrolysis to coat the precursor solution onto a quartz substrate. We have 

noticed the formation of a sticky coating on the surface, similar to the traditional 

A B 
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modified pechini synthesis method. We have allowed the substrates to soft bake for 1 

hour at 80C to remove the extra solvent from the substrate.  

 

4.3.1 UV Visible Spectroscopy of NiTiO3 Thin Film 

NiTiO3 thin films had bright yellow color in visual appearance after annealing in the 

muffle furnace. Peaks at 550nm and 770 nm-790 nm were observed in all the samples. 

These peaks are the representation of electronic transition between Ni to O transition 

and Ti to O transition. (Y. Qu et al., 2012) The flat peak at 310-320 nm represents the 

presence of the NiO phase from the Nickel Titanate thin film. (B. Yang et al., 2019) 

For each sample, readings were taken from 6 points and then averaged to get the final 

graph. From the calculation, we were able to obtain a bandgap of 2.18eV-2.2 eV, which 

is also found in many works of literature related to NiTiO3 synthesis. (Y. Qu et al., 

2012; B. Yang et al., 2019)  

Figure 4.6  

Visual Appearance for Comparison, Blank Substrate (Left), NiO Thin Film (Middle), 

NiTiO3 Thin film (Right). 

 

Figure 4.7  

UV Visible Absorption of Nickel Titanate Thin Film 
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4.3.2 X-Ray Diffraction of NiTiO3 Thin Films 

From the figure 4.8 the black dots represent the observed values, while the red line 

represents the Rietveld fitted curve by taking the initial data from ICDD (ICDD file 

number – 04-006-6640, ICDD file number 03-065-118, ICDD file number 04-0835), 

and Crystallography Open Database. We observe clear peaks corresponding to the 

Rutile phase of TiO2 (Rutile, and Anatase phase), NiO, and NiTiO3. We have used the 

same device and all other parameters were kept constant as the measurement done for 

NiO thin films.  

Figure 4.8  

XRD of NiTiO3 Thin Films. 

 

Table 4.1  

Observed XRD Peak Angles and Calculated Angles from the Rietveld Refinement 
Method for the NiTiO3 Thin Film. 

No. Angle observed Angle Calculated Material Reference (ICDD) 

1. 21.71 21.70 NiTiO3 04-006-6640 

2. 24.83 24.8 NiTiO3 04-006-6640 

3. 27.33 24.74 TiO2(R) 03-065- 118 

4. 33.17 33.0 NiTiO3 04-006-6640 

5. 35.75 35.6 NiTiO3 04-006-6640 
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No. Angle observed Angle Calculated Material Reference (ICDD) 

6. 36.92 36.42 TiO2(R) 03-065- 118 

7. 37.07 37.2 NiO 04-0835 

8. 39 40.9 NiTiO3 04-006-6640 

9. 41.17 41.5 TiO2(R) 03-065- 118 

10. 40.9 41 NiTiO3 04-006-6640 

11. 43.31 43.2 NiO 04-0835 

12. 44.32 44.40 TiO2(R) 03-065- 118 

13. 49.58 49.4 NiTiO3 04-006-6640 

14. 54.24 54.65 TiO2(R) 03-065- 118 

15. 56.82 56.56 TiO2(R) 03-065- 118 

16. 57.61 57.4 NiTiO3 04-006-6640 

17. 62.79 62.5 NiTiO3 04-006-6640 

18. 62.97 62.8 NiO 04-0835 

19. 64.12 64.19 TiO2 03-065- 118 

20. 64.23 64.20 NiTiO3 04-006-6640 

21. 69.12 69.26 TiO2(R) 03-065- 118 

22. 69.70 69.83 TiO2(R) 03-065- 118 

 

From the XRD data, we can clearly say that the film had mixed phases of Titanium 

dioxide (rutile), Nickel Oxide, Nickel Titanate. Our results are comparable to the 

results reported by other researchers working on NiO/TiO2 Heterojunctions, and 

synthesis of NiTiO3 thin films. (Lin et al., 2006b; Rawool et al., 2018)  
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4.3.3 Surface Morphology of NiTiO3 Thin Film 

Figure 4.9  

Surface Morphology of Nickel Titanate Thin Films a) Higher magnification, B) Lower 

Magnification. 

  

 

From the SEM images, we can see that microstructures with an average size were 

formed along with the thin film. From the image, it is clear the particles are not in a 

perfect shape rather they have random shapes and like the chipped-off thin film with 

cracks. Upon further observation, they were spherical-shaped particles that was that 

made up the bigger agglomerated particle. Some of the key factors responsible for the 

random shape and the cracked film are higher temperatures of synthesis, incomplete 

evaporation of the solvent. Agglomeration would be because of the higher annealing 

temperature around 600⁰ C, and strain caused by the cracks of the film. We can further 

optimize the synthesis parameters such as substrate temperature, reduced flow rate, 

increased pressure, and longer soft baking period to ensure that we get a uniform thin 

film. We have also observed that Nickel titanate has very little adhesion to the substrate 

resulting in a coating like the thin coating of dust on the glass surface. A gentle wipe 

was enough to remove the Nickel titanate thin film. 

 

4.4 NiO / NiTiO3 Heterojunction 

A B 
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We have synthesized a heterojunction by performing 2 step spray pyrolysis and 

annealing steps. We have successfully synthesized a heterojunction with NiO and 

NiTiO3. We confirm the formation of the heterojunction from the I-V curve obtained 

with the help of an electrometer. 

 

4.4.1 Electrical Characterization 

I-V Curve obtained resembles a diode characteristic. From the I-V curve, the reverse 

breakdown voltage was measured at -1.9V and the heterojunction shows an ohmic 

character from 1.85 V- 2.0 V.   

Figure 4.10 

 I-V Curve of NiO/NiTiO3 Heterojunction. 

 

The IV curve shows very small currents followed by a linear region. After a voltage of 

1.8V, the voltage increases linearly. The sample was behaving like a PN diode, Where 

NiO was acting like a p-type material and NiTiO3 acts as an n-type material. FTO 

glass acts as one of the electrodes and aluminum acts as another electrode. The samples 

were tested multiple times but there was no change in the response of the sample. We 

have tested multiple samples, almost every sample gave a similar I-V curve. 
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Figure 4.11  

Band Bending Diagram and Formation of Heterojunction. 

 

From figure 4.11 figure a represents the formation of the P-N junction and adjustment 

of the energy band of material. Nickel Oxide has its conduction band edge at -1.23eV 

and Nickel Titanate has its conduction band edge at 0.23eV. Similarly, Nickel Oxide 

has its valence band edge at 1.58eV and Nickel titanate has its valence band edge at 

2.62eV. Generally, the fermi level energy of P-type material (in our case Nickel Oxide) 

has its fermi level closer to its valence band, due to its intrinsic bandgap formed because 

of the overlapping of the molecular orbitals. While the Fermi level in an N-Type 

material (in our case Nickel Titanate) is closer to the conduction band. When two 

materials are brought closer, they result in the drifting of charge carriers to the 

heterojunction forming a potential gradient across the cross-section of the material. Due 

to the accumulation of these charges, there is a barrier potential that is formed. When 

an external potential is applied there will be a shift in the energy bands of the system. 

When a positive voltage is connected across the junction, there is a minimum flow of 

electricity until a particular positive voltage and then when voltage is increased further 

the current increases exponentially. After this point, the device behaves like an ohmic 

device (resistor). The main reason for exhibiting such behavior is the reduction of the 

depletion region across both sides of the semiconductor. After the knee voltage, the 

depletion region is completely gone, thus resulting in the free flow of charge carriers. 

In the above-mentioned graph (figure 4.10) the knee voltage is observed at 1.85-1.9 V 

and After 2.25V the heterojunction started behaving as an ohmic junction. When a 

negative potential is applied the opposite phenomenon happens the width of the 
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depletion increases rapidly until the device reaches a very high electric field, such that 

the device breaks down and starts to behave like a conductor. This voltage at which the 

device breaks down is called a reverse break down voltage. From figure 4.10 the reverse 

breakdown voltage is observed at -1.9V. From the above observations, we can conclude 

that we have successfully synthesized the heterojunction.  

Figure 4.11 (B) gives us a mechanism of photocatalytic activity, because of the 

formation of the heterojunction.  

4.4.2 UV Visible Spectroscopy of NiTiO3 Thin Film 

Visually the samples have a deeper yellow along with a pale brown tinge. 
 
Figure 4.12  

Photograph of All the Samples Side by Side. Blank Substrate, NiO Thin Film, NiTiO3 

Thin Film, NiO/NiTiO3 Heterojunction. (Left to Right) 

 

Figure 4.13  

Absorption of NiO/NiTiO3 Heterojunction 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

200 300 400 500 600 700

A
bs

or
pt

io
n 

(a
.u

) 

Wavelength (nm)



 

 

46 
 

The flat edge at 320nm represents the presence of Nickel Oxide. While there were very 

less variations elsewhere in the graph. We could not find the corresponding transitions 

of Nickel Titanate in the UV Visible graph. We have performed XRD to understand the 

composition of the thin film. 

 
 
4.4.3  X-Ray Diffraction of NiO/ NiTiO3 Heterojunction 

We have performed X-ray diffraction for the heterojunction sample. we have used the 

same conditions and same instrument without any changes in the device’s 

configuration. 

Figure 4.14   

X-Ray Diffraction Pattern Along With Rietveld Refined Curve of Heterojunction. 

  

From the above graph, we can identify the peaks for TiO2 (Rutile), NiO, and NiTiO3, 

like the XRD pattern, which was observed with NiTiO3. All the peaks were the same, 

except the phases of NiO are having a greater peak. This is due to the higher presence 

of the crystalline NiO Thin Films. The results of X-ray diffraction are following our 

data that has been observed using UV-Visible data. 

4.4.4 Surface Morphology and Cross-Sectional SEM 

We have performed Scanning electron microscopy to understand the surface 

morphology and Cross-sectional SEM to understand the film thickness and 

heterojunction formed. We have found that there are no uniform thin films formed at 
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the heterojunction while Heterostructures were observed on a layer of NiO crystals. 

These heterostructures had different phases of titanium dioxide and nickel oxide instead 

of pure nickel titanate. Samples were also analyzed using EDS to ensure that there were 

no impurities present and understand the composition of the complex heterostructure 

formed. 

Figure 4.15  

Scanning Electron Microscopy Images (A) Higher Magnification, (B), (C) Lower 

Magnifications. 

 

  
 

From the above image (Figure 4.15), B is the higher resolution image of the complex 

heterostructure. In the image on the left side, there is a structure like the structures 

observed in the SEM images of the NiTiO3 thin films. While the structures in the right 

are like the nanostructures observed in the NiO thin film SEM images.  From figure 

4.15 A and C we have found that the nanostructures have similar morphology that we 

have observed in the NiO thin films (cubic shaped crystals). The microstructures on the 

solid structure are appearing to be porous. In figure (A) we can observe small 

nanostructures around 45nm (spherical) consisting of complex structures. We think the 

bigger particles are a result of the agglomeration of the small nanostructures.  

A B 

C 
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Figure 4.16  

Scanning Electron Microscopy of Cross-section of Heterojunction. A) 5k 

Magnification Along With Marked NiO Layer. B) 7k Magnification Along With 

Marked NiO layer. 

  
 

From the above Figure 4.16, we can observe heterostructure, the lower sides of the 

microstructure were completely covered smaller nanostructures. The Nickel titanate 

structure is encapsulated with smaller NiO nanoparticles. The structures resembled 

coral reefs that grow on the stone, where the corals are the NiO nanostructures and 

NiTiO3 structure being the rock. We have confirmed this from different parts of the 

heterojunction sample. We have taken images from two different points of the sample 

under SEM (from the above image A & B). The rectangular box is the NiO layer in 

both images. 

A B 
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Figure 4.17   

EDS Spectrum of Different Parts of the Nanostructure. A) SEM Image with 3 Areas 

Marked; B) EDS Spectrum of Area 1; C) EDS Spectrum of Area 3; D) EDS Spectrum 

of Area 2. 

 

Figure 4.17 (A) is the SEM image, and three boxes represent 3 regions of the sample. 

The box in the middle of the image represents spectrum 1, the box on the left top 

represents spectrum 2, box on the right represents spectrum 3. We have used EDS to 

find the composition of the nanostructure. All the compositions are expressed as the 

percentage of weights of each element. In region one we have observed is 49.5% of Ni, 

32.4% of O, 18.2% of Ti. From the image in region one, there is a maximum percentage 

of NiO phase. In region 2 we have observed 47.2% oxygen and 34.5 % of Ti and 18.3 

% of Nickel. There is a higher probability of NiTiO3 in this region. From the image, the 

nanostructure is also like the structures observed in that NiTiO3 thin films. In region 3 

we have observed 62% of Si, 34.1% of Oxygen, and small amounts of Nickel. From the 

image, we can conclude that the weight percentages, can be the composition of the 

quartz substrate along with NiO on it. 
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Figure 4.18  

Elemental Map of the composition of the nanostructure. 

 

From Figure 4.18, we correlate and understand the distribution of the elements across 

the sample. These images along with SEM and XRD data give us a very good idea 

about the composition and distribution of the thin film heterojunction. 

 

From all the above thin film characterization results we hereby conclude that we have 

been successfully synthesized high-quality NiO thin films using spray pyrolysis in all 

ambient conditions. While we have also successfully synthesized the NiTiO3 thin films, 

but we have mixed phases of NiO and TiO2. The molar ratio of the precursors for the 

synthesis of Nickel Titanate thin films has a significant effect on the formation of the 

Titanate phase. Annealing temperature, molar ratio, and citrate concentration have a 

significant effect. Morphology of titanate is highly dependent on the spray rate, flow 

rate, substrate temperature, soft baking time, annealing temperature, cooling rate after 

spraying of the precursor, rate of the increase in temperature for annealing, Annealing 

time. Our results are very comparable to the results reported by other researchers in this 

field. Even today synthesis of pure titanate is challenging. 
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4.5 Photostability 

We have checked for the stability of the Heterojunction underexposure of Visible light 

and UV for 24 hours, sampled every 6 hours. We have observed changes in the 

electrical properties and optical properties. An average of 250w/m2 was irradiated using 

a halogen lamp. The temperature was not controlled, and the maximum temperature 

went up to 45⁰C, humidity was not controlled. A stability test was performed in all 

ambient conditions.  

4.5.1 Photostability under Visible Light 

Samples were kept 15 cm away from the light source. Samples were kept on a ceramic 

plate (acts as a heating sink) and prevent samples from overheating. Every 6 hours that 

samples were taken out and UV -Visible absorption spectra were obtained. From the 

Absorption spectra, there was no change in the visible region and UV region. While the 

abnormalities in the observed spectra are due to the nonuniform coating and errors from 

the UV-Visible Spectrometer’s optical fiber. The heterojunction was found to be 

optically stable under constant exposure of the sample to the light for 24 hours.  

Visually there was no change observed in the color or texture of the film with the naked 

eye. 

Figure 4.19  

Absorption Spectrum of NiO/NiTiO3 Photostability Visible light. 
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Figure 4.20   

I-V Curve of Heterojunction Photostability Visible light. 

 
 

We have used a Keithley 610 Electrometer to measure the I-V curve. The voltage varied 

in steps of 0.05V and corresponding current values were recorded. We have used 

crocodile clips to connect the samples to the electrometer. The contact between 

crocodile clips and samples resulted in slight variations in the recorded data. While the 

knee voltage and reverse breakdown voltage remained constant. This helps us to 

conclude that the heterojunction was stable under constant illumination of visible light. 

 

With the above results, we can conclude that the heterojunctions were stable in terms 

of optical properties and electrical properties when heterojunction is exposed to the 

lighting condition. We can further extend the study of photostability over a period and 

with varying light intensities. Due to the limited time, we have performed initial 

stability tests to understand the photostability of the coatings. 

 

4.5.2 Photostability under Ultraviolet Light 

We have used a UV-C lamp as a source of light. We have used a UV curing chamber 

for this purpose. Samples were kept at nearly 10 cms from the source of the light. A 

similar procedure to the visible light stability test was followed. 
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Figure 4.21  

Absorption of NiO/NiTiO3 Photostability under UV-C. 

 

From the above graph from figure 4.21, the sample is stable as there is no change in the 

absorption peaks that were observed after the exposure of the samples to UV Light. The 

change in the absorption values is due to the non-uniform coating.  There were no 

changes in the absorption peaks that were observed.  

Figure 4.22  

 IV- Curve of Heterojunction Photostability Under UV-C 

 

From the above graph, the breakdown voltage and knee voltage are remaining constant 

while resistance in the ohmic region increases.  

With the above results, we can conclude that the heterojunctions were stable in terms 

of optical properties and electrical properties when heterojunction is exposed to UV 
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light. From the above tests, we have concluded that the heterojunction is stable under 

visible light and UV light. The heterojunction formed is photostable. 

4.6 Stability Under Different Humidity Conditions 

We have performed the stability tests for the samples for 2 different humidity conditions 

(i.e) (60% RH, and 80% RH). The samples were found to be stable after days of 

synthesis when stored at normal room temperature and stored in the open air. We have 

used a digital ultrasound humidifier with an automatic humidity controller to maintain 

constant humidity conditions. The samples were kept on and ceramic plate and kept in 

an enclosure made of acrylic. Samples were taken out of the chamber after every 6 

hours and sampled for the changes in the optical properties and electrical properties. A 

similar method followed for the photostability was used for testing the samples for 

stability for humidity conditions. 

Figure 4.23  

 IV Curve of Heterojunction After Exposure to Humidity of 80%RH. 
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Figure 4.24  

Threshold Voltage vs Exposure Time (80% RH) 

 

From figure 4.23 and figure 4.24, we were able to observe that the I-V curve (Threshold 

voltage and break down voltage) were almost the same. There was no significant change 

in these values. So, from the above, we can say that heterojunction was stable under 

constant exposure to very high humidity conditions.  

Figure 4.25  

 UV Visible Absorption After Different Time Intervals of Exposure to 80% RH. 

 

From figure 4.25, we observe that there is no significant difference in the peaks. And 

there is no change in the sample visually in terms of texture and color. Hence, we can 

say that the heterojunction is having great stability (optically and electrically) when 
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exposed to higher humidity conditions. The response in the visible region is constant 

trough out.   

As the sample was stable, we have used the same sample for testing the stability at 60% 

RH as well. (Only quartz sample was reused). 

Figure 4.26   

 I-V Curve of Heterojunction After Exposure to 60 % RH. 

 

From the above graph, we can observe that there is no change in the response of the 

heterojunction. In the above graph, the difference is due to the contact between FTO 

and crocodile clips. From the above graph, we can conclude that the heterojunction is 

stable electrically when exposed to the 60% relative humidity condition.  
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Figure 4.27  

UV Visible Absorption After Different Time Intervals of Exposure to 60% RH. 

 

From the above graph, we can say that there is no change in the optical response of the 

heterojunction. We can conclude that heterojunction is optically stable when exposed 

to 60 % relative humidity for 24 hours. 

 

4.7 Photocatalysis 

We have studied the photocatalytic activity of the above synthesized thin films and 

heterojunction. The sample is irradiated using a halogen light (projector) calibrated to 

1 sun (or) AM1.5 spectrum (1000 W/m2). We have experimented with UV light 

exposure as well. We have used a pyranometer and lens on the projector to adjust the 

incident radiation intensity. Same concentration solutions (10 mg/L) of different dyes 

were used for comparison. We are only presenting the summarized results, (i.e.) 

degradation at a specific wavelength for a specific dye. The setup was kept undisturbed 

and was calibrated after 3-4 cycles. Photocatalytic degradation was analyzed by 

comparing the absorption peaks from UV-Visible absorption spectroscopy. The change 

in the absorption values was seen at 470 nm, 522 nm, 661 nm were analyzed for finding 

the photodegradation rate of Methyl Orange, Methyl Red, and Methylene Blue, 

respectively. We have kept the photocatalyst sample along with the model dye solution 

in a beaker in the dark for 2 hours before performing the photocatalytic degradation 

test. We have found that the absorption value becomes constant after 90-100 minutes 

(about 1 and a half hours) of dark reaction time. Constant absorption value is a sign for 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

250 300 350 400 450 500 550 600 650 700

A
bs

or
pt

io
n 

(a
.u

)

Wavelength (nm)

0Hours 6 Hours 12 Hours 18 hours 24 Hours



 

 

58 
 

complete adsorption of the model dye to the surface of the photocatalyst. 2 hours of 

dark reaction time ensures us that dye is completely absorbed before the exposure to 

the light and degradation (change in concentration) is solely due to photocatalytic 

activity. A 10 ml of model dye solution was used for each test and each cycle. Each 

cycle of a test started with the dark adsorption time as described above and then 

followed by the exposure to different lighting conditions for 150 minutes (about 2 and 

a half hours). The change in absorption values was recorded in a regular interval of 15 

minutes. We have seen positive values, constant values, negative values in the 

percentage of change in absorption throughout the experiment. Positive values refer to 

the decrease of concentration from the first concentration (measured after the 2 hours 

of dark adsorption) to the concentration after the exposure to the light source for a 

specific time. Constant values and negative values refer to the no change in the 

concentration. For all the UV-Vis absorption spectra empty cuvette with DI water was 

taken as reference. To analyze the results of photocatalytic degradation we have plotted 

graphically the percentage change in concentration of dye as a function of time. We 

have used a freshly prepared sample for testing the photocatalytic degradation of each 

dye. 

4.7.1 Photocatalytic Degradation of Methyl Red  

Figure 4.28  

Photocatalytic Degradation of Methyl Red. 

 

From figure 4.28 we can see that the was no degradation when NiO, NiTiO3, and 

heterojunction samples were exposed to visible light. Visually the color of the solution 
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remained unchanged after exposing the sample to visible light for 150 minutes. Similar 

results were obtained when exposed to UV light. When the heterojunction sample was 

exposed to UV light, there was 15% of degradation of the methyl red. Visually the 

solution color changed from red to orange by the end of the experiment. The same was 

seen in the UV-Visible spectra by reduction of the peak at 522 nm and increase of peak 

value at 470 nm, over time.   

4.7.2 Photocatalytic Degradation of Methyl Orange 

Figure 4.29  

Photocatalytic Degradation of Methyl Orange 

 

From figure 4.29 we can see that the was no degradation when NiO, NiTiO3, and 

heterojunction samples were exposed to visible light and UV light. Visually the color 

of the solution remained unchanged after exposing the sample to visible light(or) UV 

light for 150 minutes.  
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4.7.3 Photocatalytic Degradation of Methylene Blue 

Figure 4.30  

Photocatalytic Degradation of Methylene Blue 

 

 

When the samples were illuminated with a visible light source the dye had been 

showing a significant degradation in the dye concentration, while the samples are 

illuminated with UV Light (UV, UV -C) the samples were showing no degradation or 

very little degradation over time. 67% degradation of dye was observed when NiO thin 

films were exposed to visible light. While there was no degradation observed when NiO 

thin films were exposed to UV light. 75% degradation was observed when NiTiO3 thin 

films were exposed to visible light. There was a degradation of 3% when exposed to 

UV light. 60% degradation of dye was observed when NiO /NiTiO3 Heterojunction was 

exposed to visible light. There was no degradation observed when NiO /NiTiO3 

Heterojunction samples were exposed to UV light. 

From all the above results, we were able to notice that all the thin films did not show 

any degradation in UV-C light and UV light. Only in one case, we have observed 

degradation of the dye, when we have used Methyl red, and heterojunction was used as 

a sample under test. From all the above experiments we can conclude that the highest 

degradation was observed in methylene blue. 
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An important observation is that there is no enhancement in the photocatalytic 

degradation efficiency in the case of the heterojunction, which contradicts our primary 

objective of the study that there would be an enhancement in the photocatalytic 

degradation efficiency. This could be attributed to the formation of mixed phases of 

titanates, and non-uniform coating of the titanate thin film. Nickel Titanate thin film 

showed a better performance when compared to NiO/NiTiO3 heterojunction. This could 

be attributed to the partial or complete encapsulation of the nickel titanate 

nanostructures with NiO nanoparticles. There is a possibility of NiO/TiO2 

heterojunctions, which have bands aligned in such a way that it can facilitate photolysis 

of water instead of photocatalytic degradation. We have observed bubbles on the 

surface of the sample at the end of the photocatalytic test.  (Rawool et al., 2018) 

 

4.8 Repeatability of the Photocatalytic Degradation 

From the experiments, we have found that Methylene Blue showed significant 

degradation when exposed to visible light. To find the repeatability, Photocatalytic 

degradation experiments were carried out for 2 more cycles with methylene blue as a 

model dye. Each sample of NiO, NiTiO3, and NiO /NiTiO3 heterojunction was 

subjected to 3 cycles of photocatalytic degradation tests. After each cycle, the 

photocatalytic thin films were recovered using 2 different techniques. The first method 

that was used is the gentle rinsing of the sample with DI water. In the second method, 

the sample was cleaned with DI water followed by heat treatment (heated at 220°C for 

15 minutes) using an oven. The same procedure as the photocatalytic degradation 

method was used 
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4.8.1 NiO Thin Film 

Figure 4.31  

Repeatability of Photocatalytic Degradation of NiO Thin Films

 
 

A freshly prepared sample of NiO showed an overall degradation of 67% at the end of 

150 minutes. For the second test sample was gently washed with DI water and tested 

again for photocatalytic degradation. Visually, the sample had a blue color shade on the 

surface. It has shown a lesser degradation, nearly 61 % of the dye at the end of 150 

mins. While for the third test we have heated the ample to 220℃ in a convection oven 

for 15 mins. Initially, the sample had a blue color tinge on the surface, after heating it 

had returned to pale brown color. The recovered sample was again tested for its 

photocatalytic efficiency, and it had given comparable results (67% degradation) to the 

freshly prepared samples. 
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4.8.2 NiTiO3 Thin Films 

Figure 4.32  

Repeatability of Photocatalytic Degradation with NiTiO3 Thin films. 

 

A freshly prepared sample showed an overall degradation of 75% at the end of 150 

minutes. While for the second test we have heated the sample to 220℃ in a 

conventional oven for 15 mins. Initially, the sample had a blue color tinge on the 

surface, after heating it had returned to yellow color. The recovered sample was again 

tested for its photocatalytic efficiency, and it had given 83% degradation at the end of 

150mins. For the third test sample was gently washed with DI water and tested again 

for photocatalytic degradation. It has shown a lesser degradation of the dye over time 

nearly 80 % of the dye at the end of 150 mins.  
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4.8.3 NiO/NiTiO3 Heterojunction 

Figure 4.33  

Repeatability of Photocatalytic Degradation with NiO/NiTiO3 Heterojunction. 

 
 

 

A freshly prepared sample showed an overall degradation of 60% at the end of 150 

minutes. While for the second test we have heated the sample to 220℃ in a 

conventional oven for 15 mins. Initially, the sample had a blue color tinge on the 

surface, after heating it had returned to dark yellow color. The recovered sample was 

again tested for its photocatalytic efficiency, and it had given 69% degradation at the 

end of 150mins. For the third test sample was gently washed with DI water and tested 

again for photocatalytic degradation. It has shown a lesser degradation of the dye over 

time nearly 60% of the dye at the end of 150 mins. In all three cases, the degradation 

rate trend was similar until the end of 1 hour. In cases of 1st and 3rd visible-light 

photocatalytic degradation tests, they have shown a similar trend until the end of 75 

mins. 

 

Some of the common trends that we have seen in all the tests were freshly prepared 

samples and reheated samples show a similar degradation efficiency at the end of 150 

mins when methylene blue was used as a model dye. When methylene blue was used 

as model dye the degradation of NiTiO3 and NiO/NiTiO3 thin films have shown 

significant improvement in the degradation efficiency after reheating the samples in the 

furnace for recovery. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE RECOMMENDATIONS 

5.1 Conclusions 

We have successfully synthesized the NiO, NiTiO3, and NiO/NiTiO3 heterojunction thin 

films. All the thin films showed very good stability against high humidity and light 

conditions. SEM analysis revealed the formation of nanostructured porous thin films 

with high crystallinity confirmed by using the XRD technique. From the photocatalytic 

studies, we found nearly 80% degradation in the concentration of the Methylene blue 

dye after 150 mins of exposure to visible light (A.M 1.5,1000W/m2). While the 

heterojunctions and NiO thin films exhibited a similar degradation efficiency. We 

expect this photocatalytic behavior due to the covering of the NiTiO3 microstructure 

with NiO nanoparticles all around the surface (observed in the SEM images) and also 

because of the formation of TiO2 and NiO phases in NiTiO3. Methylene Blue was the 

most degraded dye, while methyl orange being the least degradation. The thin films 

were highly stable concerning optically and electrical properties, even under exposure 

to visible light and high humid conditions. The synthesis of the pure phase of NiTiO3 

thin films is extremely challenging.  

 

5.2 Recommendations for Further Study. 

Based on the results obtained in this study, the following recommendations are made 

for future research: 

1) A detailed study on the synthesis techniques to form the heterojunction in a 

controlled way is required for the robust photocatalyst design.  

2) More investigations are required to obtain the pure phase of NiTiO3 thin films 

to avoid instability in their photocatalytic performances. 

3) Detailed photocatalytic studies should be carried out with different kinds of 

organic pollutants considering other factors, such as light intensity, temperature, 

and pH to understand the photocatalytic behavior of the heterojunction. 
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