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1.0 Introduction to environmental impact of energy 

Today’s world stands divided into two classes: the developed and the developing! Each of 

which has its own share of challenges to address. In developed countries, the basic necessities 

of food, clothing and shelter are largely addressed by rapid economic growth through 

industrialization. However, a great share of this progress has been made by satisfying the 

energy needs for this rapid industrialization through unsustainable and polluting sources of 

energy such as fossil fuels.  While the energy needs keep on increasing in such countries, this 

also results in a significant rise in air pollution and climate change which threatens the very 

existence of life on earth. Therefore, a great deal of focus has now shifted towards the 

utilization of sustainable, clean and green energy sources such as wind and solar energy 

generation technologies. The majority of the research community has now centered its efforts 

towards developing energy efficient, smart nanomaterials which have the capability to harness 

and store these energies in the form of chemical/electronic energy [1]. Energy storage in itself 

is a challenge worth paying attention to. Batteries and capacitors have emerged as the potential 

solutions to these problems but are limited by the energy storage density of the available 

materials for large scale production and application.  

 

While batteries have several advantages, its low cycling stability and inability to deliver high 

power performance results in its limited utility in less energy intensive applications. On the 

contrary, capacitors have the ability to charge and discharge at a rapid rate but are limited in 

the energy density that they can store [2]. Therefore, in recent times, development of 

supercapacitors which can overcome these limitations of traditional capacitors as well as 

batteries is being extensively researched especially in the developed countries [3]. In section 

1.6, more details about the working principle of a supercapacitor and the advancements in 

metal oxide nano systems as electrodes for supercapacitor devices is presented. While the 

research on improving the energy density of supercapacitor grows in the laboratory, the use of 

fossil fuels for energy still continues in the developed nations with stricter norms on pollutant 

emission and mitigations. 

 

With the increasing stringent norms on pollutant emission, environmental regulations and its 

associated economic burden, several of the heavily polluting industries from the developed 
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nations have largely shifted their production units to the developing countries. These 

developing countries wherein the basic necessities of life are still a major challenge, readily 

welcome such industries as it brings with it opportunities of jobs and with it the hopes of a 

better quality of life merely through the economic perspective. However, with the rapid rise in 

industrialization with not so stringent norms and regulations on environmental protection, the 

fundamental elements of life such as air, water and earth get extensively polluted making the 

survival of life itself a major challenge. Among the several challenges faced by the developing 

world today, one of the most important concern is the availability and affordability of clean 

drinking water. Water is one such natural resource that has been extensively polluted by the 

uncontrolled and untreated discharge of industrial organic/inorganic waste into the natural 

water bodies. This has resulted in water borne diseases  affecting thousands of lives especially 

the children [4].  

 

There are numerous ways by which water pollution is caused. Some of these are oil spills, 

improper sewage disposal, radioactive waste discharge, fertilizer run-off, rapid urban 

development and chemical waste dumping [5]. The most common industrially discharged 

chemical pollutants are, pesticides, polyaromatic hydrocarbons, pharmaceutical drugs and dyes 

[6]. Among these pollutants, dyes and pigments are the major water pollutants as they are 

largely being discharged untreated into water bodies by the food, cosmetic and clothing 

industry [7]. The next section highlights some of the intricate details of pollution caused by 

azo dyes, in particular the Amaranth dye and its associated toxicological effects. 

 

1.1 Dyes as water pollutant 

Dyes are excessively used in the dyeing process in inks, paints, varnishes, rubbers, drugs, 

cosmetics, food, paper, textile, leather, and plastic industries [8]. They are used to impart color 

to the food which makes the product appealing to the customer. As per the recent financial 

reports the annual global production of the dye is approximately 700,000 tons manufactured 

worldwide and the market share of the dye industry appears to be skyrocketing each year. 

Among several dyes, the azo dyes are one of the largest classes of dyes which are used in 

industries. These organic dyes have an azo (N = N) group along with other chromophores 

which help them in harvesting photon energy from the visible region of the solar spectrum and 
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re-emit the complimentary colors [8,9]. During azo dye production process, approximately 1-

2 % of it is lost and at least 10-15 % of it gets discarded as industrial effluent during dye 

application processes [10]. The discharge of the dye into the natural water bodies leads to 

serious threat to the aquatic life especially the phytoplanktons. Thus, through the food chain 

these dyes find an entry into the living systems. There is direct as well as indirect effect of the 

discharge of dye into the aquatic system. The direct effects include reduced dissolved oxygen 

levels, minimization of sunlight penetration into water which inhibits photosynthesis and 

finally the bioaccumulation effect. On the other hand, the indirect effects caused by dye 

effluents are more severe which include death of aquatic organisms, genotoxicity and 

microtoxicity imposed by colored allergens, suppression of human immune system, allergic 

reactions, hyperactivity in kids, cancer in humans, etc. [11]. The organic azo dyes have 

aromatic centers in their molecular structures, and their metabolic and degradation products 

like aromatic amines (anilines), benzidines and benzene sulphonic acids are well-established 

as carcinogens and mutagens which induce subsequent toxicological effects on cellular life 

[12]. Among various azo dyes, Amaranth dye is one such anionic dye which is widely used in 

food, textile and cosmetic industries.   

 

1.2 Chemistry of Amaranth dye 

Figure 1.1:  a) Image of the Amaranth plant, b) Amaranth dye powder and c) Structure 

of Amaranth dye [12]  

Amaranth dye is commonly termed as Acid red 27 and Food Red 9, while the accepted IUPAC 

name is Trisodium (4E)-3-oxo-4-[(4-sulfonato-1-naphthyl)hydrazono]naphthalene-2,7-

disulfonate. The presence of extended conjugation and the azo group in its structure allows 

absorption in the visible region with a λmax at 520 nm. In olden times, Amaranth dye was 
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extracted from the ornamental Amaranthus plant species (as shown in Figure 1.1 a). Its 

botanical classification is given in the Table 1.1. However, in recent times it is commercially 

synthesized as a trisodium salt with higher solubility in water and improved dyeing efficiency 

for fabrics, paper, leather etc.  Amaranth dye is a widely used food colorant in several countries, 

United States of America (USA) being the major consumer. However, its untreated waste 

discharge caused severe water pollution and later it was suspected to be a carcinogen in the 

USA [13]. 

 

Kingdom Plantae 

Clade Angiosperm 

Family Amaranthaceous 

Genus Amaranthus 

Table 1.1: Botanical Classification of Amaranth dye 

 

1.3 Toxicity and treatment of Amaranth dye polluted water 

In the early 1971, the Soviet Union reported for the first time the carcinogenic effects of 

Amaranth dye [13,14]. Since then many research groups have evaluated the toxicity of 

Amaranth dye. For instance in 2001 Tsuda et al. [15] conducted genotoxicity study on a group 

of pregnant mice with a daily dose of 2000 mg.kg-1.day-1. The samples were collected from 

various organs such as kidney, colon, embryo, urinary bladder, liver etc. and the DNA damages 

were measured using a comet assay. The positive results confirming cellular damages were 

found after Amaranth administration. The 10 mg.kg-1.day-1 dose of Amaranth was reported to 

cause DNA damages in the male mice. Further, Clode et al.[16] carried out another study 

wherein Amaranth was incorporated into the food diet and subsequently in utero for long-term 

evaluation on a group of 90 (control) and 50 (treated) rats with doses from 0 to 250 mg.kg-

1.day-1 but no carcinogenic effects were observed in this study. However, renal calcification 

and pelvic epithelial hyperplasia with degenerative changes were observed in female rats after 

18 months from exposure to Amaranth dye.  Further, the metabolites of Amaranth dye, such 

as sodium naphthionate and R-amino salts, were injected into Osbornee Mendel pregnant 

female rats at doses of 15-200 mg.kg-1.day-1 by Collins et al.[17].  An increase in fetuses with 

sternebra abnormalities were observed at 100 mg.kg-1 .day-1 dose level of sodium naphthionate. 
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Similar observations have been reported in the case of R-amino salts with higher dose of 200 

mg.kg-1.day-1. DNA interaction and cytogenic in vitro evaluation studies using Amaranth dye 

(0.02- 8 mM) were conducted by Mpountoukas et al.[11] in human peripheral blood cells and 

they found  high toxic potential of Amaranth dye to human lymphocytes. Mutagenic and 

genotoxic investigation of Amaranth was also conducted by Das et al. [18] using Ames 

mutagenicity assay and bone marrow of the mouse (in vivo). They concluded that Amaranth 

doses from 50 to 200 mg.kg-1 body weight do not show any mutagenic or genotoxic effects. 

Other indirect effects such as allergic and asthmatic issues of Amaranth when given in 

conjunction with aspirin drug in certain patients have also been reported. The European Food 

Safety Authority in 2010 proposed ADI of 0.15 mg.kg-1.bw-1.day-1. 

Although there is disagreement in several studies about the carcinogenic and genotoxicity 

effects of Amaranth dye, it is well agreed that the reduction of azo group of Amaranth into free 

sulfonated aromatic amines, cause both carcinogenic, and mutagenic effects on living systems. 

This led to a complete ban on the use of Amaranth dye as food additive in the United States. 

However, in developing countries it is still being used extensively. Therefore, the treatment of 

water polluted with Amaranth dye is extremely essential. 

 

Till date, several efforts have been made towards the use of conventional and biological 

treatment methods such as flocculation-coagulation, separation using membrane filters or 

precipitation, enzyme/microbial degradation etc. for treating waters contaminated with 

Amaranth dye. Since Amaranth dye has a high solubility in water, its removal from water 

streams by chemical/physical methods such as coagulation and froth floatation becomes 

extremely difficult. Adsorptive separation of Amaranth dye has been one of the widely 

employed technique for the effective removal of the dye from wastewater. An overview of 

these adsorption process is presented in the next section. 

 

1.4 Adsorptive removal of Amaranth dye. 

Adsorption is one of the simplest and effective method for removal of dye from polluted water 

because of its simplicity and cost-effectiveness. Adsorption is defined as the affinity of the 

adsorbate molecules for accumulation on the surface of the adsorbent, leading to higher 

concentration of adsorbate on the surface. A typical adsorption mechanism takes place in three 
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different stages. At first, the diffusion of the adsorbate from the bulk of the solvent to the 

surface of adsorbent occurs under the influence of the intermolecular forces between the 

adsorbent and the adsorbate. At second stage, the migration of the adsorbate into the pores of 

the adsorbent is evident. Finally, the monolayer or multilayer formation of the adsorbate on 

the adsorbent surface takes place. There are several factors which affect the rate of the 

adsorption such as, the surface area of the adsorbent, pH of the solution, initial concentration 

of the dye and the temperature of the solution. To understand the equilibrium relation between 

the adsorbate and the adsorbent, various adsorption isotherm models are studied such as 

Langmuir, Freundlich, Sip, Temkin, Redlich-Peterson (R-P), Toth, Dubinin-Radushkevich 

isotherm models etc.[19] Moreover, the kinetics of adsorption phenomenon is well described 

by different adsorption kinetic models such as pseudo-first-order, pseudo-second-order, 

Elovich and intraparticle diffusion model which are described in details in Chapter 2, section 

2.5.2 of this thesis. 

 

For effective Amaranth dye removal from the water, researchers have tried different adsorbents 

which includes activated carbon derived from Trapa Natan seeds [20], deoiled soya [21], 

peanut hull [22], pineapple peelings, coconut shells, [23] Ahmad et al. [24] used alumina 

reinforced polystyrene for removal and recovery of Amaranth dye from the waste streams. 

Various high surface area adsorbents such as  Fe3O4/MgO nanoparticles [25], Mg/Al double 

layered hydroxides [26] and clay based adsorbents such as Smectite clay  etc. were also used 

for adsorption of Amaranth dye. These materials showed excellent adsorptive removal of 

Amaranth dye with high adsorption capacity up to 86.29 mg.g-1
. However, this method 

generates secondary Amaranth waste which needs post treatment of the adsorbed dye on the 

adsorbent. This becomes one of the serious drawback which makes the adsorptive separation 

technology less sustainable [27]. There are various other methods adopted for removal of 

Amaranth dye from wastewater such as electrochemical, sonocatalytic degradation of 

Amaranth dye. For instance, Song et al. [28] used La3+ doped TiO2  for sonocatalytic 

degradation of Amaranth dye and obtained 100 % degradation of Amaranth in 90 minutes. 

Alwash et al. [29] used zeolite encapsulated with Fe-TiO2 for ultrasound assisted degradation 

of Amaranth dye and obtained 97.5 % degradation of Amaranth in 120 minutes. However, the 

need of sophisticated instrumental techniques increase the cost of the overall process. Thus, in 
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recent times advanced photocatalytic oxidation processes using semiconductor photocatalysts 

have emerged as the most promising and cost effective solution for the complete removal of 

dyes from wastewater.  

 

1.5 Photocatalytic degradation of Amaranth dye 

The advanced oxidation process is a method of oxidizing the organic pollutant using in situ 

generated strong oxidizing agents such as 
.
OH radicals. The different advanced oxidation 

techniques reported so far are Photo-Fenton process [30,31], Sonolysis [32], Ozonation process 

[33],  biodegradation [34] and photocatalytic degradation methods [35]. Among all these 

physico-chemical techniques available, photocatalysis is considered to be one of the most 

promising method. The process of photocatalysis includes irradiation of photosensitive 

semiconductor metal oxides using a UV-visible light source, having energy greater than the 

bandgap energy of the semiconductor. This leads to the excitation of electrons from valence 

band to the conduction band thus leaving behind holes in the valence band. These 

photogenerated electrons and holes together contribute in oxidation of the adsorbed species on 

the surface of the semiconductor metal oxides.  

 

Semiconductor metal oxides are basically of two type n-type and p-type semiconductor. The 

n-type semiconductor mainly possess excess electrons as the major charge carrier. On the other 

hand in a p-type semiconductor, holes are the majority charge carriers. Both n-type and p-type 

semiconductor metal oxides can be used as photocatalyst to carry out photocatalytic 

degradation of Amaranth dye. For instance, Karkmaz et al. [36] used TiO2 and obtained 75 % 

degradation of Amaranth dye in 60 minutes. Divya  et al.[37] and Ameta et al. [38] used ZnO 

catalyst and obtained 100 % degradation in 120 minutes and 92.5 % degradation in 300 minutes 

respectively for different initial concentration of Amaranth dye. Researchers have also tried 

incorporating non-metals such as N and S to improve the photocatalytic performance of TiO2. 

For example, Sudrajat et al. [12, 39] carried out photocatalytic degradation of Amaranth dye 

using  N-doped WO3 and N-doped ZrO2 and obtained 100 % and 84.5 % degradation in  120 

minutes and 240 minutes respectively under different light source irradiation. Further, Jain et 

al.[40] used N,S doped TiO2 and obtained  59.3 %  degradation of Amaranth dye in 90 minutes. 
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Researchers have further tried to enhance the photocatalytic degradation of Amaranth dye by 

coupling n-type semiconductor with p-type semiconductor for photocatalytic degradation of 

Amaranth dye. For example Benaissa et al. [41] coupled g-C3N4 with BiVO3  and obtained   

degradation of 90 % in 120 minutes. In another example Wang et al. [30] coupled g-C3N4 with 

Fe2O3  and obtained degradation of 97.6 % within 10 minutes of irradiation. Some of the 

researchers also tried coupling semiconductor metal oxides with plasmonic material such as 

Ag because of its multi-coloring capability in order to increase the visible light absorption 

capacity and enhance the photocatalytic Amaranth dye degradation efficiency. For example 

Hamza et al. [42] used Ag@RGO/g-C3N4 ternary 0D@2D/2D nanocomposites and obtained  

degradation of 80.54 % in 120 minutes. Pascariu et al.[43] used 1 % Ag/ZnO and  obtained 

degradation of 98.4 % in 10 hours of irradiation.  

 

Among all these catalysts, TiO2 is considered to be the best photocatalyst so far for all practical 

applications in dye polluted waste water treatment. This is because of its low band gap, and its 

high physical/chemical stability, high catalytic activity and inertness. These superior 

photocatalytic properties of TiO2 arise from its crystal structure, band structure and 

morphology. Therefore, in the next section a brief discussion on structure and morphology 

dependent properties of TiO2 as a semiconductor photocatalyst is presented. 

 

1.5.1 TiO2 as an n-type semiconductor photocatalyst 

TiO2 is an n-type semiconductor which exist in three polymorphic forms, namely, anatase, 

rutile and brookite. The crystal structure of anatase, rutile and brookite is shown in Figure 1.2. 

Among the three polymorphs of TiO2, macrocrystalline rutile phase of TiO2 is 

thermodynamically stable as compared to macrocrystalline brookite and anatase phase. 

However, the thermodynamic stability is mostly dependent on the particle size of the TiO2 

[44–46].  For lower particle diameter, anatase is more stable which can reversibly transform to 

rutile upon heat treatment.  
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Figure 1.2: The crystal structure of rutile, brookite and anatase TiO2. Image 

reproduced with permission from reference [46] . 

 

The structure of TiO2 is formed by chains of distorted TiO6 octahedral where each Ti atom is 

surrounded by 6 oxygen atoms. The three-dimensional stacking of the octahedra in anatase, 

rutile and brookite is shown in Figure 1.2. The unit cell of anatase TiO2 contains four octahedral 

units, while the unit cell of rutile TiO2 contains two octahedral units, and the unit cell of 

brookite TiO2 contains eight octahedral units [47]. Among these three phases, anatase or rutile 

are preferred over brookite for catalytic applications as brookite is the least stable phase. 

Among anatase and rutile, literature reports suggest that mesoporous anatase TiO2 serves as a 

promising catalyst for remediation of dye polluted wastewater [48–52]. For example, the pilot-

scale plants such as the SOLARDETOX plant in Arganda del Rey, Spain, and the PhoRTex 

plant in Augsburg, Germany, utilize mesoporous TiO2 for photocatalytic treatment for dye 

waste. This high photocatalytic efficiency of mesoporous TiO2 therefore depends on the 

lifetime of photo generated charge carriers. 

Property Anatase Rutile Brookite 

Crystal structure Tetragonal Tetragonal Orthorhombic 

Octahedra per unit cell  4 2 8 

Lattice parameters (nm) a = b = 0.3785, 

c = 0.9514 

a = b = 0.4594, 

c = 0.2959 

a = c = 0.5436, 

b = 0.9166 

Unit cell volume (nm3) 0.1363 0.0624 0.2574 

Density (g/cm-3) 3.83 4.24 4.17 

Band gap (eV) 3.26 3.05 3.10 

 

Table 1.2: Crystal parameters & properties of anatase, rutile and brookite TiO2 [46]. 
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1.5.2 Photocatalytic dye degradation mechanism over TiO2 

TiO2 + hν → e- + h+     (R1) 

(O2) ads + e- → O2
.-      (R2) 

H2O + h+ → 
.
OH + H+     (R3) 

Ti-OH + H+ ↔ Ti-(OH2) +    (R4) 

R-SO3
- + 

.
OH → R

. + HSO4 – (→ H+ + SO4
2-) (R5) 

R-SO3
-  

 + h+ → R-SO3
.
    (R6) 

 

The above reaction steps depict the photocatalytic mechanism of TiO2. When TiO2 is irradiated 

with photon energy greater than its bandgap energy, the electrons form the valence band are 

excited to conduction band keeping behind holes in the valence band. These electrons then 

interact with the adsorbed oxygen to generate superoxide anion radicals while the holes interact 

with the adsorbed water molecules to produce hydroxyl radicals. These reactive oxygen species 

react with the adsorbed dye pollutants and oxidize them into water and CO2. Therefore, the 

high efficiency and sustainability of photocatalytic performance of TiO2 depends entirely on 

the concentration and lifetime of photo-generated charge carriers. However, two major factors 

lead to the reduction in the photocatalytic activity of TiO2; these are i) its low surface area that 

limits its dye adsorption capacity and ii) the inherent recombination rate of photogenerated 

charge carriers. For instance, the commercial Degussa P25 which is most commonly used for 

photocatalytic applications, has an effective surface area of only 50 m2.g-1. This limits the dye 

adsorption capacity of the photocatalytic surface and also lowers the photocatalytic efficiency.  

 

Many researchers [10,53,54] have therefore preferred to synthesize TiO2 composites with 

multi-walled carbon nanotubes (MWCNT), reduced graphene oxide (rGO), carbon nitride 

(C3N4) and precious metal composites of high surface area (some of which are listed in Table 

1.3). However, most of these composites are prepared with costly materials and therefore the 

overall cost of the synthesis limits its application for commercial purpose. In order to make 

TiO2 a self-sustainable catalyst there is a need to synthesize TiO2 of high surface area via a 

cost effective method with robust, structural porosity to enhance the dye adsorption rates and 

hence the catalytic activity. 

Over two decades of research on TiO2 synthesis has been reported in the literature so far. It is 

too exhaustive to cover all of these in this section but a few important ones have been listed in 
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Table 1.3 and discussed below. Interestingly, only a few research groups have actually 

succeeded in synthesizing TiO2 of high surface area (SA). For instance, Nagaveni et al. [35] 

used glycine as template and obtained surface area of 156 m2.g-1. This resulted in a 

photocatalytic activity of 100 % degradation of methylene blue dye in 65 minutes. Bakre et 

al.[55] used dicarboxylic acids as templates and obtained maximum surface area of 297 m2 .g-

1 with 100 % degradation efficiency of methylene blue dye in 150 minutes. Tayade et al. [56] 

synthesized TiO2 of surface area 124 m2.g-1 by hydrolysis of titanium isopropoxide by ultra- 

sonication method and obtained 100 % degradation of methylene blue and malachite green 

within 60 minutes of irradiation.   

 

Lu et al. [57] synthesized TiO2 with surface area of 119 m2.g-1 using urea as structure directing 

agent by hydrothermal method and obtained 47.8 % degradation in 240 minutes. Oliveira et al. 

[65] synthesized TiO2 using TiCl4 hydrolysis using dilute H2SO4 and obtained surface area of 

213 m2.g-1 and obtained 66 % degradation in 180 minutes. Dong et al. [59] synthesized 

mesoporous TiO2 encapsulated on polyimide nanofiber with surface area of 213 m2.g-1 which 

resulted in 100 % degradation of methylene blue within 40 minutes. In addition to this, 

researchers have tried to increase the surface area of TiO2 by coupling it with other metal 

oxides, for example Abdi et al. [60] synthesized TiO2/ZrO2 using titanium precursor and 

zirconium metalorganic framework. They obtained surface area of 916 m2.g-1 which 

contributed to 90 % degradation of Rhodamine B dye (20 ppm) in 180 minutes.  
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Table 1.3: Literature overview on TiO2 & its nanocomposites for photocatalytic dye 

degradation.  

Catalyst Surface 

area 

(m2
.g

-1) 

Band 

gap 

(eV) 

[Model dye] Light source % 

Degradation 

/time (min) 

TiO2 [36] 52 3.2 [Amaranth] = 84 μmol.L-1 125 W UV 

lamp 

75/60 

N,S doped TiO2 

[40] 

50 3.2 [Amaranth] = 3.9×10-5 mol.L-1 200W 

tungsten 

lamp 

59/90 

TiO2 [35] 156 2.18 [Methylene blue] = 25 ppm 

[Orange G] = 25ppm 

[Remazol brill blue] = 25ppm   

Solar 100/65 

90/100 

72/150 

TiO2 [55] 297 3.38 [Methylene blue] =10 ppm Solar 100/120 

TiO2 [56] 124 3.10 [Methylene blue] = 50 ppm 

 

[Malachite green] = 50 ppm 

125 W 

mercury 

vapor lamp 

100/60 

 

100/60 

TiO2 [57] 119 2.98 [Methylene blue] = 10 ppm UV lamp 33 

W.m-2 

48/240 

TiO2 [58] 213 3.2 [Methylene blue] = 20 ppm 15 W UV 

lamp 

66/180 

TiO2/porphyrin 

[58] 

233 3.2 [Methylene blue] = 20 ppm 15 W UV 

lamp 

74/180 

TiO2 [59] 213 3.2 [Methylene blue] = 9 ppm 30 W UV 

lamp 

100/40 

TiO2/ZrO2 [60] 916 3.88 [Rhodamine B] = 20 ppm 100 W LED 

visible light 

90/180 

GO/TiO2 [61] 80 3.2 [Methyl orange] = 10 ppm 20 W UV 

light 

90/9 

MWCNTs-

TiO2/γ-Al2O3 

[10] 

-- 3.2 [Acid orange 7] = 0.050 Pulsed 

discharge 

plasma 

system 

100/60 

C-TiO2/g-C3N4 

[54] 

-- 2.73 [Methyl orange] = 0.020 300 W Xe 

lamp 

98.6/60 

TiO2/rGO [53] 78 3.2 [Rhodamine B] = 0.030 300 W Hg 

lamp 

96/60 

Ag-TiO2@Fe2O4 

[62] 

55 1.163 [Methyl orange] = 0.025 30 W 

Simulated 

visible light 

93/120 

TiO2 -

Lignocellulosic 

Biomass@Fe3O4 

[63] 

104 2.55 [Rhodamine B] = 10 ppm 

[Methylene blue] = 10 ppm 

[Congo red] = 10 ppm 

 

300 W Xenon 

100/60 

75/60 

81/60 

Hydrotalcite-

TiO2-Fe3O4 [64] 

-- 3.3 [Methylene blue] = 0.024 125 W Hg 

Vapor lamp 

96/120 
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All these results are quite promising for photocatalytic application of TiO2 composites in water 

purification technology. However, the major limitation of these studies is that they have 

achieved high surface area either by reduction in particle size or by using a high surface area 

support material. Most of these reports claim mesoporosity in TiO2, which refers to 

intraparticle agglomerate porosity formed merely due to the random agglomeration of fine 

particle clusters of TiO2. Therefore, in spite of the gross high surface area, such materials do 

not provide facile, accessible paths for diffusion and adsorption of bulky reactant molecules 

due to lack of ordered porous structure. Thus limiting the effective surface adsorption and 

photocatalytic performance [66]. This provided the motivation for the present thesis to devise 

a simple methodology to transform the agglomerate porosity into robust, structurally ordered 

mesoporosity in TiO2. A detailed investigation and outcomes of this study is presented in 

Chapter 2. 

 

Furthermore, the second major limiting factor is the high electron-hole recombination rate of 

TiO2. Researchers across the globe have constructed different methodologies to enhance the 

photocatalytic performance by reducing electron-hole recombination rate. Some of them 

include metal doping into TiO2 to form interstitial donor or acceptor level which can enhance 

visible light absorption. Secondly, coupling of TiO2 with other p-type semiconductor metal 

oxides such as NiO, ZnO, Ag2O and CuO etc. have also been attempted [67], which could 

substantially lower the recombination rate of electrons and holes thus enhancing the 

photocatalytic performance. Among these metal oxides, NiO in particular serves as an 

excellent p-type semiconductor having a wide band gap of 3-4 eV. However, there are several 

factors that limits its utility in photocatalytic applications as well. A brief account of the 

semiconductor properties of NiO is presented in the next section. 

 

1.5.3 Ni1-xO as p-type semiconductor 

NiO exist as a bunsenite mineral in nature. It basically crystalizes in NaCl like (i.e. Rock salt) 

structure with Ni2+ and O2- occupying the octahedral sites (as shown in Figure 1.3). The major 

difference with respect to NaCl being that NiO is highly non-stoichiometric in nature and exits 

as Ni1-xO where x represents the number of cation vacancies. Another interesting property of 

NiO is that its colour changes as a function of Ni:O ratio. Highly stoichiometric NiO usually 
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exist in green colour whereas nonstoichiometric NiO exist in either grey or black colour 

depending on the number of Ni2+ vacancies. NiO has been extensively studied over the years 

because of its unique characteristic features such as low cost, low toxicity, significant catalytic 

activity, and abundant availability [68]. The existence of Ni2+/Ni3+ redox surface states serve 

as excellent catalytic centers for several applications. Therefore, it has been widely utilized in 

different areas of application such as energy storage, as sensors, as catalyst, as electrochromic 

materials, and in optically active filters [69]. Moreover, it is also used as photocatalyst due to 

its semiconducting behavior and its antiferromagnetic property aids in easy catalyst recovery 

[70]. 

 

NiO is the first reported p-type semiconductor with a wide bandgap of 3.6–4 eV [71], which 

restricts its visible light response and hence limits its use as a photocatalyst. Literature studies 

suggest that NiO nanoparticles as photocatalyst have low activity for remediation of dye 

polluted wastewater as compared to TiO2. Some of these studies on NiO and its performance 

is listed in Table 1.4. For instance, Lalithambika et al. [72] utilized NiO nanoparticles for 

photodegradation of methylene blue dye and estimated removal efficiency of 79.5 % in 60 

minutes using 300 W Xenon arc lamp. Sabouri et al. [73] studied the degradation of Methylene 

blue dye using NiO nanoparticles which exhibited 79% degradation after 4 h of reaction under 

UV light. The poor photocatalytic performance is largely attributed to its low surface area due 

to nanoparticle agglomeration and also the wide band gap limiting the visible light absorption. 

 

 

 

 

 

 

 

Figure 1.3: Crystal structure of Ni1-xO. Image reproduced with permission  

from reference [87] 
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Therefore, in recent times, a lot of research effort has been directed towards the nano-

structuring of NiO to tune the surface heterostructure and facilitate the generation of active 

sites, surface area, reduced bandgap and enhanced light response [74]. For instance, Fazlali et 

al. [75] synthesized NiO nanostructures such as nanoflowers, nanoplates, nanopshere and 

nanowoods using multiple synthetic strategies such as thermal decomposition, sol-gel, 

hydrothermal and emulsion nano-reactor method. Many researcher have also tried to explore 

the role of urea to synthesized different morphologies of NiO with moderate surface area such 

as NiO nanoflowers (66 m2.g-1), nanotetrahedra (114 m2.g-1), nanosheets (120 m2.g-1) ultrathin 

and ultrathick nanosheets (173 m2.g-1 and 81.9 m2.g-1) and NiO microspheres (64 m2.g-1). 

Furthermore, Su et al. [76] synthesized cresent shaped nanoplates with surface area of 68.5 

m2.g-1 using polyvinylpyrrolidone as nanoplate directing agent.  Tian et al.[77] used pollens as 

microsphere directing agent to synthesize NiO microspheres. Yan et al. [78] synthesized NiO 

nanoflakes using hexamethylenetetramine with surface area of 185 m2.g-1 as structure directing 

agent. Abbas et al. [79] synthesized NiO microspheres with surface area of 91 m2.g-1using 

oleylamine as structure directing agent. In addition to this, ultrathin and ultrathick nanosheets 

with surface area of 173.2 m2.g-1 and 81.9 m2.g-1 were synthesized using NaBH4 as a 

morphology directing agent [80]. Zhang et al. obtained NiO nanocolumns, nanoslice and 

nanoplates with surface area of 102.4 m2g-1, 11.4 m2.g-1 and 20.2 m2.g-1 by pH optimization 

studies [81] .  

 

Some of these nanostructures of NiO have shown improved photocatalytic activity as 

compared to the 0D particles. For instance, Safa et al. [82] synthesized NiO nanoparticles, 

nanorods and nanoworms using the hydrothermal method and tested their performance for 

photodegradation of 4-nitrophenol. The highest degradation efficiency of 65 % was recorded 

for nanoworm-like NiO in 180 minutes. Vahini et al. [71] synthesized NiO nanospheres with 

a partially reduced bandgap (3.3 eV) leading to improved photocatalytic degradation activity 

(98 %) for crystal violet dye in 60 minutes under UV light illumination. Adinaveen et al. [83] 

synthesized NiO using plant extract and obtained 92.3 % degradation in 180 minutes. Malwal 

et al. [84] used NiO nanofibers which exhibited Congo red degradation performance of 98 % 

but it took 6 h of reaction time to achieve it. In another study, Motahari et al. [85] synthesized 

NiO nanostructures using 1,3 propylenediamine as structure directing agent and obtained 80 
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% degradation of Rhodmaine B in 120 minutes. Qing et al. [86] synthesized mesoporous NiO 

nanostructures and obtained 99.4 % degradation in 140 minutes. Though, using different 

synthesis methodologies various morphologies of NiO have been synthesized, the need for 

expensive equipment and reactors such as in hydrothermal/solvothermal and its associated 

safety hazards for bulk synthesis limits its large scale production. Moreover, the need of 

additional templates and surfactants to direct the nanostructural morphology and its post-

synthesis separation treatment adds to the complexity of the synthesis procedure. Therefore, 

there is a need to design a simple and scalable method for the synthesis of nanostructured NiO 

of high catalytic activity. This provided the motivation to design simple and scalable strategies 

to obtained highly porous NiO catalyst of high surface area and catalytic activity. The 

interesting results of this synthesis strategy are presented in Chapter 3. 

Table 1.4: Literature report on Ni1-xO based catalysts and their photocatalytic 

performance. 

Catalyst Surfac

e area 

(m2.g-1) 

Band 

gap 

(eV) 

[Model dye] Light source % 

Degradation/

time (min) 

NiO [71] 62 3.31 [Crystal violet] = 20 ppm UV light 98/60 

NiO [83] 67.7 3.8 Rhodamine B] = 10 ppm 8W UV light 92.3/180 

NiO [70] 306.4 3.6 [Methylene blue] = 10 ppm 

[Congo red] = 10 ppm 

[Esoin red] = 10 ppm 

500W 

halogen 

lamp 

94.3/50 

98/30 

81/60 
NiO [84] 33.4 3.5 [Congo red] = 10 ppm UV lamp 98/360 

NiO [87] 52.57 2.83 [Rhodamine B] = 10 ppm 400 W UV 80/120 

NiO [86] 187 3.4 [Methylene blue] = 20 ppm Xe arc lamp 99.4/140 

NiO/TiO2 [88] 146.8 2.5 [Methylene blue] = 2×10-5 

mol L-1 

400 W metal 

halide 

97/100 

NiO/TiO2 [89] 106.4 2.86 [Methylene blue] = 20 ppm 400 W 

visible light  

lamp 

90/150 

NiO/TiO2 [90] 90 _ [Methyl orange]= 10 ppm 15 W UV 

lamp 

100/90 

NiO/TiO2 [91] 53 2.9 [Methyl orange]= 10 ppm 375 W high 

pressure Hg 

lamp 

100/20 

NiO/TiO2 [92] 60.5 2.7 [Methyl orange]= 30μM 250 W Xe 

arc lamp 

92/140 

carbon 

/NiO/TiO2 [93] 

169 _ [Methylene blue] = 2.0× 

10-5 mol L-1 

400 W metal 

halide lamp 

98/100 

Ni/NiO/TiO2 

[94] 

154.7 2.78 [Rhodamine B] = 2 ppm Simulated 

solar lamp 

99/60 
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1.5.4 Ni1-xO/TiO2 as heterojunction catalyst. 

In recent years, enormous efforts have been made in surface modification of TiO2 with other 

p-type semiconductors such as ZnO [95], Cu2O [67], NiO [96] and Ag2O [97] which could 

substantially reduce the band gap and enhance the photocatalytic activity. Most of these 

systems possess enhanced charge separation efficiency, an extended light absorption range, 

high dye degradation capacity and promote mass-transfer, thus enhancing the photocatalytic 

efficiency. As discussed earlier, NiO is a p-type semiconductor and TiO2 is an n-type 

semiconductor. The individual photocatalytic performance of both these catalysts is limited 

due factors such as low chemical/photo stability and high electron-hole recombination rate 

respectively. The efficient separation of the electrons and holes is an important step in 

enhancing the photocatalytic performance. Therefore, a combination of NiO and TiO2 could 

form a formidable p-n hetrojunction photocatalyst which could lead to further enhancement in 

photocatalytic activity by reducing the electron-hole recombination rate. A heterojunction is 

defined as an interface between the two hybrid layers of dissimilar electronic band structures 

of a semiconductor. Overall, there are four types of heterojunction photocatalyst namely, i) the 

semiconductor metal oxide heterojunction photocatalyst wherein both the metal oxides are 

semiconductor in nature, ii) the semiconductor combined with metal heterojunction 

photocatalyst, iii) the semiconductor-carbon heterojunction catalyst and iv) the 

multicomponent heterojunction photocatalyst. Out of these four, the heterojunction 

photocatalyst formed by combing two semiconductor metal oxide is mostly preferred because 

of its high charge carrier performance and excellent stability. 

 

 

 

 

 

 

 

 

Figure 1.4: p-n junction & charge carrier separation in NiO@ TiO2 catalyst Image 

reproduced with permission from reference [91]  
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When the p- and n-type semiconductor is in contact with each other they form a p-n junction 

with a space charge separation at the interface due to the diffusion of electrons and holes as 

shown in Figure 1.4. This creates a built-in electrical potential that can direct the electrons and 

holes to travel in the opposite direction. When the formed p-n heterojunction is irradiated with 

photons having energy higher or equal to the bandgap energy of the photocatalyst, there is a 

quick transfer of photogenerated electrons and holes which are separated by built-in electric 

field within the space charge region. The built-in electric field acts as a driving force for the 

photogenerated electrons to be transferred to conduction band (CB) of the n-type 

semiconductors and the photogenerated holes to the valence band (VB) of the p-type 

semiconductor. The various associated advantages of p-n junction photocatalyst are as follows: 

i) effective charge separation ii) rapid charge transfer to the catalyst, iii) long lifetime of the 

charge carriers and iv) the ability to extend the visible light absorption characteristics of the 

composite catalyst.   

 

Different NiO/TiO2 nanocomposites in particular have been the most promising heterojunction 

catalyst. Several research groups have fabricated NiO/TiO2 nanocomposites through 

hydrothermal, sol-gel, electrospinning, anodization, wetness impregnation and 

electrodeposition method. For instance, NiO/TiO2 nanocomposites synthesized using 

polyvinylpyrollidone as structure directing agent via electrospinning method gave surface area 

of 41 m2.g-1 [98]. Predominantly NiO/TiO2 have been synthesized using hydrothermal method 

with varying surface area of about 53-146 m2.g-1 [88,91,93]. Researchers have also used bulky 

structure directing agents such as lauryl amine hydrochloride, triblock copolymer and acetic 

acid using sol-gel method of synthesis with surface area as high as 180 m2.g-1 [89]. The high 

surface area also contributed to high photocatalytic degradation activity in several studies, 

some of which are listed in Table 1.4. For instance, Chen et al. [96] synthesized NiO/TiO2 with 

surface area of 146 m2.g-1 and obtained photocatalytic activity of 97 % for methylene blue 

degradation in 100 minutes. Faisal et al. [89] synthesized NiO/TiO2 with surface area 106 m2.g-

1 and obtained 90 % degradation of methylene blue dye in 150 minutes. Furthermore, NiO/TiO2 

has been synthesized with surface area ranging from 53 to 90 m2.g-1and obtained photocatalytic 

degradation of approximately 100 % for methyl orange dye on an average time of in 100 

minutes. In another study, Wang et al.[93] synthesized carbon encapsulated NiO/TiO2 
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nanocomposites having surface area of 169 m2.g-1 and obtained 98 % photocatalytic 

degradation within 100 minutes. Zhu et al. [94] incorporated Ni in NiO/TiO2 nanocomposites 

having surface area of 154 m2.g-1 resulting in photocatalytic degradation of 99 % in 60 minutes. 

Therefore, attempts have been made in this thesis to develop a simple and scalable method to 

produce NiO/TiO2 nanocomposites heterojunction photocatalyst of higher photocatalytic 

performance, the results of which are presented in Chapter 4.  

 

Apart from the photocatalytic application of NiO, TiO2 and their nanocomposites, they are also 

widely used as candidate for energy storage application such as in supercapacitors. The next 

section therefore presents in brief, the mechanism of energy storage using the supercapacitor 

technology and the capacitive performance of some of the reported NiO, TiO2 and its 

composite catalysts. 

 

1.6 Supercapacitors 

The most abundant sustainable energy resources such as solar energy, wind power and 

hydropower are available for only a certain period of time in a given day. Therefore, there is a 

need to develop a system that can store this energy instantly [99]. Hence, many efforts have 

been made on the energy storage systems that can harvest the intermittent energy, store and 

utilize this energy as per the human need. Among the diverse energy storage systems existing 

currently, the batteries and supercapacitors are the most promising and important energy 

storage systems [100]. Supercapacitors are very well known nowadays because of their high 

cycling performance, safety and low maintenance cost. They can be fully charged/discharged 

at a faster rate with enlarged cycling lifetime. According to the charge storage mechanism, 

supercapacitors can be classified into two types i.e. electrical double-layer capacitors (EDLCs) 

and pseudo-capacitors (PCs), [101]. The EDLCs can store charges mainly through the 

adsorption and desorption of ions, which take place in the electric double layer formed at the 

interface between electrode and electrolyte [102]. The entire process is purely a physical 

change without any occurrence of chemical reactions, which makes EDLCs possess high 

power density. However, the low capacitance hinders its broad applications. The carbon-based 

materials, such as activated carbon (AC), graphene, and carbon nanotubes (CNTs) are usually 

used as the electrode materials for EDLCs owing to their good conductivity and large surface 
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area [103–105]. The pseudo-capacitors often possess higher specific capacitance compared to 

that of EDLCs, due to its faradaic redox reactions occurring at the surface of active materials 

[106]. Thus, transition metal oxides are gaining more attention for their application in energy 

storage application because of their abundance and high stability [107]. 

 

An eminent scientist Thierry Brousse [108] reported that the MnO2 electrode shows a similar 

electrochemical behavior as that of capacitive carbon electrode and can be termed as 

pseudocapacitive material. It is now confirmed that the transition metal oxides such as RuO2 

[109], [110] do exhibit pseudocapacitor behavior. Apart from this many metal oxide-based 

materials such as NiO [111–113], NiCo2O4 [114–116] , Co3O4 [117–119] , CuCo2O4 [120–

122] ,Fe2O3 [123–125], NiFe2O4 [126,127], have been widely studied as the pseudocapacitor 

material owing to their conducting nature and multiple oxidation states. It is well established 

that the performance of any material/catalyst is largely dependent on its phase composition, 

crystalinity, morphology, electronic and optical properties, and these properties are tuned 

based on the applied synthesis methodology. Tuneability of surface heterostructure and 

mesoporosity have emerged as the key factors that render exceptional catalytic activity. Many 

available literature reports highlight that nanostructured materials show better supercapacitor 

behavior as compared to 0D nanoparticles. Nanostructured transition metal oxides have found 

utility in drug delivery, biomedical, tissue engineering, photocatalysis and supercapacitor 

applications. 

 

1.6.1 Ni1-xO, TiO2 and their nanocomposites for supercapacitor application. 

Among the various transition metal oxide-based electrode materials with supercapacitor 

properties, NiO and TiO2 both have very high theoretical capacitance of 2584 F.g-1 [128] and 

2295 F.g-1 [129] respectively. However, the practically obtained specific capacitance of both 

these oxides is significantly low for practical applications. For instance, NiO exhibits a 

practically achievable specific capacitance in the range of 39 F.g-1 to 1140 F.g-1 as can be seen 

from Table 1.5. Therefore, several researchers have attempted to improve its capacitive 

performance by synthesizing nanostructured NiO based electrodes. For instance Yan et al. [78] 

synthesized NiO nanoflakes with surface area of 185 m2.g-1 having specific capacitance of 400 

F.g-1.  
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Table 1.5: Literature reports on supercapacitor performance of Ni1-xO, TiO2 and their 

composites. 

In another study, Han et al. [137] synthesized La3+ doped NiO microspheres using colloidal 

carbon spheres as hard templates via hydrothermal method and obtained a high surface area of 

227.5 m2.g-1 with specific capacitance of 253 F.g-1.  In another investigation, Zhang et al. [138] 

synthesized NiO nanocolumns, nanoslices and nanoplates and obtained specific capacitance of 

390 F.g-1, 176 F.g-1 and 285 F.g-1 respectively.
 However, the major drawback of the NiO is its 

electro-corrosion effects which result in its poor electrochemical performance and reduced 

cycling stability making it less sustainable material for this applications. Researchers have tried 

to address this issue by supporting NiO with other conducting material such as graphene oxide 

and g-C3N4 [152]. An increase in specific capacitance is observed in these studies due to the 

uniform distribution of the NiO on to the conducting support material. However, very limited 

attention has been given to tailoring the properties of NiO and making it self-sustainable for 

Catalyst Specific capacitance  Current density Electrolyte 

NiO [78] 400  F.g-1 2 A.g-1 2 M KOH 

NiO [79] 1140  F.g-1 10 A.g-1 2 M KOH 

NiO [130] 39  F.g-1 0.3 A.g-1 1 M KOH 

NiO [131] 62  F.g-1 5 mV.s-1 6 M KOH 

NiO [132] 97  F.g-1 0.1 A.g-1 1 M KOH 

NiO [133] 184.6  F.g-1 0.3 A.g-1 1 M KOH 

NiO [134] 260  F.g-1 0.5 A.g-1 2 M KOH 

NiO [135] 423 F.g-1 0.5 mA.cm-2 1M Na2SO4 

NiO [136] 810  F.g-1 5 mV.s-1 6 M KOH 

La3+ doped NiO [137] 253  F.g-1 1 A.g-1 1 M KOH 

NiO [138] 390  F.g-1 5 A.g-1 1 M KOH 

TiO2/MnO2 [139] 231.2  F.g-1 0.2 A.g-1 1M Na2SO4 

TiO2/V2O5 [140] 310  F.g-1 2 mV.s-1 1M Na2SO4 

TiO2/RuO2 [141] 1200  F.g-1 0.5 A.g-1 1M H2SO4 

TiVN [142] 15 mF.cm-2 2 mV.s-1 1M KOH 

Ni(OH)2/TiO2 [143] 22 mF.cm-2 10 mV.s-1 1 M NaOH 

Co(OH)2/TiO2 [144] 229  F.g-1 2 mA 6 M KOH 

TiO2/polyaniline [145] 897.35 F.g-1 0.21 A.g-1 0.05 M H2SO4 

TiO2/polypyrrole [146] 446 F.g-1 15 A.g-1 1M H2SO4 

NiO/TiO2 [147]  40 – 100  F.g-1 0.4 mA.cm-2 1 M KOH 

NiO@TiO2 core-shell [148] 50-211  F.g-1 0.83  A.g-1 6 M KOH 

TiO2@Ni(OH)2 [149] 181  F.g-1 5 mV.s-1 6 M KOH 

TiO2 /NiO [150] 689.28  F.g-1 1.5  A.g-1 1 M KOH 

NiO/TiO2 [151] 72.7 mF.cm-2 0.5mA.cm-2 1 M KOH 

NiO/TiO2 [151] 42.3 mF.cm-2 0.5mA.cm-2 1 M KOH 
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supercapacitor application. In comparison to NiO, the capacitor properties of TiO2 have barely 

been explored in the literature.  

 

As mentioned earlier, TiO2 has a high theoretical specific capacitance of 2295 F.g-1. However, 

its poor conductivity renders it as an unsuitable material for electrochemical performance. 

Therefore, researchers have tried combining TiO2 with electroactive materials such as MnO2 

[139], V2O5 [140], RuO2 [141], NiO [153] and obtained specific capacitance in the range of 

231 to 1200 F.g-1.  Some of these studies are listed in Table 1.5. For instance, Chen et al. [143] 

and Tao et al. [144] coupled TiO2 with metal hydroxides such as (Co(OH)2, Ni(OH)2) and 

obtained the specific capacitance of 22 mF.cm-2 and 229 F.g-1 respectively.  Further, Achour 

et al. [142] tried coupling TiO2 with titanium vanadium nitride (TiVN) due to its high electronic 

conductivity as compared to metal oxides and obtained the specific capacitance of 15 mF.cm-

2. In another study, Jiang et al. [129] and Shao et al. [145] combined TiO2 with conducting 

polymers such as polypyrrole, polyaniline and obtained the specific capacitance upto 897 F.g-

1  [129,145]. In addition to this, various  other modification of TiO2 has been carried out such 

as synthesizing TiO2 nanocomposite using different conducting substrates such as reduced 

graphene oxide [154], carbon nanotube [155], graphene, graphitic carbon [156],  which could 

help in accelerating the charge transfer process and could help in enhancing the charge storage 

performance. However, it was observed that the use of conducting materials were not 

applicable for long cycling stability of the electrode in comparison to metal oxide supported 

TiO2 catalysts. 

 

Among these mixed metal oxide composites, NiO-TiO2 is considered to be one of the 

promising composite material for supercapacitor application. For instance, Kim et al. [147] 

synthesized microstructure NiO@TiO2 for supercapacitor application and measured specific 

capacitance in the range of 40-100 F.g-1.  Lee et al. [148] synthesized NiO@TiO2 core-shell 

structures and obtained a specific capacitance of 211 F.g-1. In another study, Ke et al. [149] 

synthesized TiO2@Ni(OH)2 nanowire array and the obtained specific capacitance was 181 F.g-

1. Cui et al. [150] synthesized hydrogenated TiO2 nanotube array decorated with nickel oxide 

and the obtained specific capacitance of 689.28 F.g-1. Xie et al.[151] synthesized NiO@TiO2 

composite flowers having specific capacitance of 72.7 mF.cm2 which was almost twice as that 
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of NiO/TiO2 nanoparticle. However, most of the methods employed for synthesis such as 

hydrothermal, electro-deposition, electrochemical anodization etc. are not truly conducive for 

large scale industrial production. Moreover, the obtained SC performance is also very limited. 

Therefore, there is a need to design a simple and scalable methodology by which NiO/TiO2 

nanocomposite of high conductivity and improved electrochemical cycling stability can be 

achieved for application in supercapacitor technology. This provided the motivation to 

undertake a study on TiO2, NiO and their composite catalyst for supercapacitor application. 

The results of this investigation are presented in detail in Chapter 5. 

Based on the above literature survey, the major objectives of this thesis were defined as 

follows: 

1.7 Thesis objectives 

 To synthesize nanoporous TiO2 catalysts and perform their detailed material 

characterization.  

 To synthesize nanoporous Ni1-xO catalysts and perform their detailed material 

characterization.  

 To synthesize nanoporous Ni1-xO/TiO2 nanocomposites and perform their detailed 

material characterization.  

 To evaluate the Amaranth dye adsorptive separation and photocatalytic degradation 

efficiency of all the synthesized catalysts. 

 To evaluate the supercapacitive energy storage performance of all the synthesized 

catalysts. 

The outcome of the systematic research methodology employed to achieve the above 

objectives is discussed in detail in the individual Chapters 2-5 while the overall summary of 

the findings of these investigations in presented in Chapter 6.  
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2.1 PROLOGUE 

The nanoporous TiO2 catalysts have been synthesized using reflux assisted sol-gel method. 

The different structure directing agents used for these syntheses are urea, oxalic acid, 

tricarballylic acid and 1,2,3,4 butanetetracarboxylic acid. The details of chemicals used and 

synthesis procedures are presented in section 2.2 and 2.4 respectively. The effect of each 

structure directing agent as well as their desired combinations on morphological and catalytic 

properties of synthesized catalysts have been investigated. All the synthesized catalyst have 

been characterized in detail using the characterization techniques listed in section 2.3. 

Finally, the catalytic efficiency of all the synthesized TiO2 catalysts were evaluated for 

adsorption and photocatalytic degradation of Amaranth dye. The novel findings of this 

investigation are presented in detail in the results and discussion section 2.5 along with 

conclusions of this study in section 2.6.  

2.2 CHEMICALS USED  

The chemicals such as Titanium isopropoxide (98 %), Ammonia solution (25 % in water), 

Urea (99.5 %), Oxalic acid (99.5 %), Tricarballylic acid (99%) and Butanetetracarboxylic 

acid (99%) were purchased from Alfa Aesar. Amaranth dye (85 %) was purchased from 

Loba Chemie, India and used without any further purification. 

2.3 INSTRUMENTATION 

The principles of different instrumental techniques used in this thesis have been presented in 

brief in this section. 

2.3.1 Characterization techniques 

All the synthesized catalysts were characterized using different characterization techniques 

such as Thermogravimetric-Differential Thermal Analysis (TG-DTA), Infrared Spectroscopy 

(IR), Powder X-ray Diffraction (XRD),  UV-Vis Diffuse Reflectance Spectroscopy (UV-

DRS), Scanning Electron Microscopy (SEM), High Resolution-Transmission Electron 

Microscopy (HR-TEM), N2-adsorption-desorption isotherm studies, (BET) Surface area 

analysis, Energy-Dispersive X-ray Spectroscopy (EDS) and X-ray Photoelectron 

Spectroscopy (XPS). The principles and the associated equations of these techniques are 

summarized below. 
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 Thermogravimetric-Differential Thermal Analysis (TG-DTA) 

Thermogravimetric analysis measures the change in the weight of the sample associated with 

its decomposition or any other physical or chemical changes that results in sample weight 

gain or loss under controlled temperature and gas atmosphere. A plot of percent weight 

change as a function of temperature enables us to understand the physical or chemical 

changes that have caused the sample to gain or lose weight. DTA measures the difference in 

temperature (∆ T), between the inert reference material (alpha alumina) and the sample as a 

function of temperature. In the present study all the synthesized precursors were analyzed 

using NETZSCH TG/DTA STA 409 PC instrument in the temperatures range of 30 to 800 

°C in air atmosphere at the heating rate of 10 °C.min-1. 

 

 Infrared Spectroscopy (IR) 

It is a vibrational spectroscopy which determines the vibrational frequency of the bonds and 

functional groups present in a given molecule or compound. The essential criteria for a 

molecule to be IR active is the “change in dipole moment”. In a Fourier transform infrared 

technique a beam of infrared light passes through a sample under analysis. The absorption of 

radiation takes place when a frequency of particular vibration is equal to the frequency of IR 

radiation focused on the molecule and the transmitted light allows us to understand the 

energy absorbed at each incident frequency. In the present study all the samples were 

grounded with KBr and the spectrum was recorded under IR radiations in the vibration 

frequency range of 4000-400 cm-1 at ambient temperature using the SHIMADZU IR-

PRESTIGE-21 IR spectrophotometer. 

 

 Powder X-Ray Diffraction (XRD) 

XRD is a very reliable technique to know the crystal structure of the sample under 

investigation. It basically depends on the constructive interference of monochromatic X-rays 

and the crystalline sample. These generated X-rays by a cathode ray tube are filtered to 

produce a monochromatic radiations which are then collimated and are directed towards the 

sample. The interaction between the incident rays and the sample results in diffraction of X-

rays. The constructive interference of these diffracted X-rays is produced upon satisfying the 

Bragg’s law (𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃). This law relates the wavelength of electromagnetic radiation to 
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the diffraction angle and the lattice spacing in a crystalline sample. The diffracted X-rays are 

then detected, processed and counted by scanning the sample through a range of 2θ angles. 

The crystalline nature and phase purity analysis of all the synthesized catalysts in this thesis 

were performed in the diffraction region of 2θ = 10 - 80° on a RIGAKU ULTIMA IV X-Ray 

diffractometer using Cu Kα (1.5418 Å) source and Ni filter. 

 

 Field Emission Scanning Electron Microscopy (FE-SEM) & Energy Dispersive 

X-ray spectroscopy (EDS) 

SEM is a popular technique to view or analyze the surface morphology of the samples. It 

works on the principle of applying kinetic energy to produce signals on the interaction of the 

electrons. These electrons are secondary electrons, backscattered electrons, and diffracted 

electrons which are used to view the surface morphology. These secondary electrons and 

backscattered electrons from the sample are used to produce an image. In EDS analysis, 

when the X-ray hits the target electron based on its source energy, the target electrons gets 

knocked off from its shell leaving behind a positively charged hole. This hole attracts another 

electron from an outer shell to fill up the vacancy. As the electron moves from the outer 

higher energy to the inner lower energy shell of an atom the difference in the energy is 

released in the form of X-rays. The energy of this X-ray is unique to the specific element and 

hence can be used to identify the elements present in the sample. 

The surface morphology of the synthesized metal oxides were analyzed using i) SEM Zeiss 

Evo 18 and ii) Field Emission scanning electron microscopy (FESEM) and elemental 

analysis using JEOL JSM-7610F coupled with Ametek edx PV6500 respectively. All the 

samples were mounted on a carbon tape and spray coated with Au/Pd prior to analysis. 

 

 High Resolution Transmission Electron Microscopy (HRTEM) and Selected 

Area Electron Diffraction (SAED) Analysis 

This is a very powerful technique capable of elucidating the morphology, inner structure and 

particle size of the material. It is a microscopic technique in which the transmitted electrons 

through a sample are detected and recorded in the form of an image. The particle size and 

selected area diffraction analysis (SAED) of the fringe structure of all the synthesized 

samples were determined using high-resolution transmission electron microscopy (Tecnai 
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TEM 200 kV). All the samples were sonicated in acetone for 15 minutes and subsequently 

coated on a Lacey carbon 400 mesh Cu TEM grid and dried under IR lamp prior to the 

analysis. 

 

 UV-Diffuse Reflectance Spectroscopy (UV-DRS) 

UV-DRS is a technique used for studying the spectral characteristics of the opaque solid 

samples. When the UV or visible light is incident on a material, it absorbs the incident light 

energy resulting in excitation of electrons from the valence band to conduction band of the 

sample. This causes relative decrease in the light intensity of the particular energy with 

respect to the reference source. In particular the diffused light intensity from the surface of 

the material is measured as a function of wavelength and processed subsequently. 

The band gap of the synthesized catalysts were analyzed by recording the diffuse reflectance 

of the solid samples using SHIMADZU UV-Visible spectrophotometer (UV 2450) in the 

wavelength range of 200-800 nm. The reference compound used for the analysis was BaSO4.  

By using the wavelength of absorption (λ), the band gap was calculated as per the equation 

E1. 

𝐸(𝑒𝑉) =
1240

𝜆
                         (𝐸1) 

 

 UV-Visible Spectroscopy  

It refers to the absorption spectroscopy which measures the absorbance/transmittance of a 

sample as a function of wavelength of electromagnetic radiation. In this thesis, the change in 

concentration of Amaranth dye solution during the adsorption and photocatalytic reaction 

were monitored by recording the absorbance of aliquots at different reaction times using 

Shimadzu UV2450 UV-visible spectrophotometer in the wavelength range of 200-800 nm. 

Concentrations were obtained from the measured absorbance using the Beer-Lamberts Law: 

𝐴 = 𝜀𝑙𝑐                              (𝐸2) 

wherein ‘A’ is the absorbance, ‘ε’ is the molar absorptivity coefficient, ‘l’ is the optical path 

length in cm and ‘c’ is the concentration. 
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 X-ray Photoelectron Spectroscopy (XPS) 

In XPS analysis, when X-rays are bombarded on the sample, some of the core electrons 

absorb this energy (≥ the binding energy of the electrons) and escape from the atom. By 

analyzing the energy of these electrons the oxidation state and binding energy of the sample 

is determined. The oxidation state of all the metal ion in the catalyst were confirmed using 

XPS analysis with a Kratos Axis Supra DLD spectrophotometer, equipped with a 

monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 150  with a multi-channel 

plate and delay line detector under a vacuum of ~ 10-9 mbar. The calibration of the 

instrument was performed using the adventitious carbon C1s at 284.8 eV. 

 

 N2 adsorption-desorption isotherms & Surface area analysis 

Brunauer-Emmett-Teller (BET) surface area analysis is the multipoint measurements of 

sample’s surface area through gas adsorption-desorption analysis. The N2 adsorption – 

desorption isotherms were recorded at varying adsorption pressures to construct the isotherm. 

The monolayer formation of the gas molecules on the solid surface is used to determine the 

specific surface area of the sample. The surface area, pore size and pore volume of the 

catalysts were analyzed using the Quantachrome NOVA-1000 surface area analyzer by N2 

adsorption/desorption method at -196 °C. All the samples were degassed at 200 °C for 2 

hours prior to adsorption analysis so as to remove the pre-adsorbed gases and the moisture 

from the sample.  

 

2.3.2 Photocatalytic reactor design and operation 

Figure 2.1 showcases the different parts of the photocatalytic reactor which consists of a 300 

mL quartz vessel equipped with a gas and liquid sampling port. Two additional port: one for 

temperature while other for catalyst loading is available. Double quartz jacketed 250 Watt, 

medium pressure mercury vapor UV lamp is immersed into the reactor maintaining 

circulation of cold water through the double jacketed chamber that allows maintaining steady 

temperature of the UV lamp. The entire assembly is placed on a Teflon coated magnetic 

stirrer operating at 1500 RPM. This assembly is placed in a UV safety cabinet with a built in 

exhaust fan and LED light source. The duration of exposure of UV light to the solution is 

controlled by a programmed digital UV lamp controller unit.  
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Figure 2.1: Photocatalytic reactor system. 

 

2.4 EXPERIMENTAL: SYNTHESES STRATEGY AND PROCEDURES  

 

2.4.1. Synthesis of TiO2 using urea as a fuel for sol-gel-combustion synthesis. 

The TiO2 synthesis procedure is schematically depicted in Figure 2.2. The syntheses were 

carried out by dispersing 4 mL titanium isopropoxide in isopropanol (60 mL) at 8 °C. To this 

mixture 1M NH4OH (60 mL) was added dropwise for the formation of titanium hydroxide 

gel. The obtained Ti(OH)4  gel was modified with addition of aqueous urea solution (varying 

the titanium : urea ratio as 1:2 to 1:12). The resultant gel was then refluxed at 80 °C in 1M 

HNO3 and ethanol mixture for 24 hours with continuous stirring. Further the refluxed gel was 

digested at 100 °C to obtain a dried semi-solid which was then calcined at 500°C in a 

preheated furnace for 1 hour. The calcination temperature was chosen based on the TG-DTA 

analysis as presented in Figure 2.6. The obtained TiO2 synthesized using different urea ratios 

are labeled as TU2, TU4, TU6, TU8, TU10 and TU12. In a similar procedure pristine TiO2 

was also synthesized without the addition of urea and it is labeled as PT. 
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Figure 2.2: Scheme of TiO2 synthesis using urea as structure directing agent. 

 

2.4.2 Synthesis of TiO2 using carboxylic acids as structure-directing agents. 

The synthesis of TiO2 was carried out using reflux assisted sol-gel method and carboxylic 

acids such as oxalic acid, tricarballylic acid and butanetetracarboxylic acid were used as 

structure directing agents. In an experimental procedure 4 mL of titanium isopropoxide 

precursor was dispersed in isopropanol solvent (maintained at 8°C). The solution was further 

hydrolyzed using 1M NH4OH solution to form titanium hydroxide gel. This gel was further 

modified by addition of aqueous solution of each of the carboxylic acids (optimized Ti : 

carboxylic acids ratio of 1:8) as presented in Figure 2.3. The resultant gel was then refluxed 

at 80 °C in 1M HNO3 and ethanol mixture for 24 hours with continuous stirring. Further the 

refluxed gel was digested at 100 °C to obtain a semi-solid which was then calcined at 550°C 

in a preheated furnace for 1 hour. The calcination temperature was chosen based on the TG-

DTA analysis presented in Figure 2.6. The obtained catalyst are labeled as TOA, TTC and 

TBTC. 
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Figure 2.3: Synthesis of TiO2 using carboxylic acids (OA, TC and BTC) as SDA. 

 

2.4.3 Synthesis of TiO2 using carboxylic acids and urea mixtures. 

The synthesis of TiO2 was carried out using reflux assisted sol-gel method using carboxylic 

acids such as oxalic acid, tricarballylic acid, butanetetracarboxylic acid and urea as structure 

directing agents (SDA). In an experimental procedure 4 mL of titanium isopropoxide 

precursor was dispersed in isopropanol solvent (at 8°C). The dispersed titanium isopropoxide 

was further hydrolyzed using 1M NH4OH solution to form titanium hydroxide gel. This gel 

was further modified by addition of aqueous solution of each of the carboxylic acid followed 

by urea (in the ratio Ti: carboxylic acids: urea, 1:8:8) as presented in Figure 2.4. The 

resultant gel was then refluxed at 80 °C in 1M HNO3 and ethanol mixture for 24 hours with 

continuous stirring. Further the reflux gel was digested at 100 °C to obtain a dried semi-solid 

which was then calcined at 550°C in a preheated furnace for 1 hour as per the TG-DTA 

analysis. The obtained catalyst were labelled as TOAU, TTCU and TBTCU respectively. 
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Figure 2.4: Synthesis of TiO2 using carboxylic acid and urea mixture as SDA. 

 

All the synthesized catalysts were then characterized using the techniques listed in section 

2.3 and subsequently their adsorption capacities and photocatalytic dye degradation 

efficiencies were measured using the protocols as described below. 

2.4.4 Protocol of adsorption isotherm and kinetic experiment. 

In a typical adsorption experiment the pre-activated TiO2 catalyst (0.3 g) was dispersed in 1L 

Amaranth dye solution of varied concentration from 10 to 110 ppm. The solution pH was 

adjusted to 2 using 1N HCl and it was then kept on shaker for 24 hours at room temperature. 

The absorbance of each of the solution was recorded at 520 nm using UV-Visible 

spectrophotometer. The adsorption capacity at equilibrium (qe), and the Amaranth removal 

efficiency of each of the TiO2 catalyst was determined using the standard adsorption 

isotherm models. [1,2] The graph of qe as a function of initial concentration of Amaranth dye 

was fitted using non-linear forms of different adsorption isotherm models such as Langmuir, 

Freundlich, Sips and Temkin models [3–5].  

Similarly the adsorption kinetic experiment were performed to know the reaction rate and the 

adsorption mechanism. In a typical experiment 0.3 g of each of the TiO2 catalyst was 

dispersed in 1L of 30 ppm Amaranth dye solution. At regular interval of time an aliquots 

were taken and the absorbance of the solution was recorded using UV-Visible 

spectrophotometer at 520 nm. The obtained experimental data was fitted using different 

adsorption kinetic models such as pseudo first order, pseudo second order, Elovich model 
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and intraparticle diffusion model. The mathematical equations of all the above-mentioned 

isotherm models and adsorption kinetic models are presented in Table 2.1 and Table 2.2 

respectively. The obtained results are discussed in detail in section 2.5.2. 

 

Models Equations Parameters 

Langmuir 
𝑞𝑒 =  

𝑞𝑚𝐾𝐿𝐶𝑒

1 +  𝐾𝐿𝐶𝑒
 

  

𝑅𝐿 =  
1

1 +  𝐾𝐿𝐶𝑂
 

qm: Maximum capacity of adsorption, mg.g-1 

KL: Affinity of the binding sites, L.mg-1 

RL: Separation factor 

 

Freundlich 
                  𝑞𝑒 =  𝐾𝐹𝐶𝑒

1

𝑛  
KF : Freundlich parameter,  

(L.mg-1)1/n(mg.g-1) 

n: Heterogeneity parameter (n<1) 

 

Temkin 

              

𝑞𝑒 =  𝐵𝑙𝑛(𝐾𝑇𝐶𝑒) 

 

                      𝐵 =  
𝑅𝑇

𝑏𝑇
 

 

B: Temkin Parameter, mg.g-1 

KT: Adsorption capacity, L.mg-1 

b: Heat of sorption, kJ.mol-1 

 

 

Sips 

           

𝑞𝑒 =  
𝑞𝑚(𝐾𝑠𝐶𝑒)𝑚

1 + (𝐾𝑠𝐶𝑒)𝑚
 

qm: Maximum capacity of adsorption, mg.g-1 

Ks: Sips isotherm model constant, L. mg-1 

m: Exponent 

 

 

Table 2.1: Mathematical equations of different adsorption isotherm models. 
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Name Expression Parameters 

Pseudo-first-order 𝑞𝑡 =  𝑞𝑒(1 − 𝑒−𝑘1𝑡)     k1: Pseudo-first-order rate 

constant, min-1 

Pseudo-second-order 
𝑞𝑡 =  

𝑘2𝑞𝑒
2𝑡

1 +  𝑘2𝑞𝑒𝑡
           

k2: Pseudo-second-order rate 

constant, g.mg-1.min-1 

Elovich 
𝑞𝑡 =  

1

𝛽
ln(𝛼𝛽) +  

1

𝛽
𝑙𝑛𝑡  

 

α : Initial adsorption rate constant, 

mg.g.-1.min-1  

β: Adsorption rate constant during 

any one experiment, g.min-1 

Intraparticle 

diffusion 

𝑞𝑡 =  𝑘𝐼𝐷𝑡
1
2  + 𝐶 

kID: Intraparticle diffusion rate 

constant, mg.g-1.min-1/2 

C: Intercept, mg.g-1 

Table 2.2: Mathematical equations of different adsorption kinetic models. 

2.4.5 Protocol of photocatalytic degradation studies. 

The photocatalytic performance of all the synthesized TiO2 were evaluated for Amaranth dye 

degradation study. 90 mg of the pre-activated TiO2 catalyst was dispersed in 300 mL (30 

ppm) dye solution and the mixture was transferred in a photocatalytic reactor. The solution 

was then irradiated with 250 watt MPMVL (Medium pressure mercury-vapour lamp) for 60 

minutes at room temperature. The reaction was monitored by sampling the solution after 

every five minutes and recording its absorbance using UV-Visible spectrophometer at 520 

nm as presented in Figure 2.5. Furthermore the various reaction parameters were optimized 

such as catalyst dosage, initial concentration of Amaranth dye, and the pH of the solution. 

The obtained results are discussed in section 2.6.   

 

 

 

 

 

 

Figure 2.5: Schematic representation of Amaranth dye degradation experiment. 
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2.5 RESULT AND DISCUSSION 

2.5.1 Characterization of synthesized TiO2 catalysts 

The effect of urea, oxalic acid, tricarballylic acid, butanetetracarboxylic acid and the 

combination of these acids with urea on the phase purity, morphology, particle size and the 

surface area of TiO2 has been investigated using different characterization techniques which 

are discussed in detail in the subsequent sections. 

 Effect of Ti:urea ratio on surface area of TiO2 

The TiO2 has been synthesized using urea as structure directing agent and its 

physicochemical properties are compared with that of pristine TiO2. The obtained titanium 

hydroxide gel with and without urea were subjected to TG-DTA analysis. Figure 2.6 (a) and 

(b) represents the TG-DTA plot for titanium hydroxide gel without and with urea as SDA 

respectively. The TG-DTA analysis of the precursor gel was carried out from 30 to 800 °C in 

air at a heating rate of 10 °C.min-1. The initial weight loss at 120 °C and 202 °C in titanium 

hydroxide gel and titanium hydroxide-urea gel accounts for the loss of physically adsorbed 

water. The second major weight loss is due to the decomposition of the organic component 

and phase transition of the titanium hydroxide gel into TiO2. From temperature of 500 °C to 

800 °C no major change in weight loss was seen which confirms the formation of stable 

phase of metal oxide. To confirm this observation, IR analysis of the precursor gel and of the 

calcined TiO2 were carried out at room temperature in the range of 400 to 4000 cm-1 and the 

observed different vibration modes were accounted. Figure 2.6 (c) represents the titanium 

hydroxide gel with vibration frequencies of C-H, O-H, and Ti-O stretching and bending 

vibration [6,7]. Similarly Figure 2.6 (d) represents the IR spectrum of titanium 

hydroxide/urea gel with characteristic stretching vibrations of O-H, C-H and N-H along with 

bending vibrations of O-H [8,9] at the corresponding wavenumbers marked in the Figure 2.6 

c & d. However, upon calcination at 500 °C no characteristics peaks of organic functional 

groups corresponding to the precursors and SDA’s were observed except OH stretching, OH 

bending and Ti-O-Ti stretching vibrations which confirms the complete removal of the SDA 

and transformation of the gel into TiO2[10,11]. The effect of urea on the surface area of the 

synthesized TiO2 catalysts were further investigated using N2 adsorption-desorption analysis.  
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Figure 2.6: (a, b) TG-DTA and (c, d) IR spectra of titanium precursor gel without and 

with urea as SDA. 

Figure 2.7 shows the N2 adsorption-desorption isotherms of the TiO2 synthesized with and 

without urea. All the as-synthesized TiO2 catalysts displayed type IV isotherms with a 

hysteresis loop typical of mesoporous adsorbents as shown in Figure 2.7 (a) - (g). At lower 

pressure it represents the monolayer–multilayer adsorption in to the mesopores followed by 

the capillary condensation/ pore filling mechanism. [12] The surface area, pore size and pore 

volume obtained for PT and TiO2 synthesized using urea (TU2 to TU12) is presented in 

Table 2.3.  A noticeable effect of urea on surface area and mesoporous nature of TiO2 has 

been observed. The surface area of TU2 (112 m2.g-1) is comparatively higher than PT (68 

m2.g-1). As we increase the ratio of Ti: urea from 1:2 to 1:8 there was significant increase in 

surface area 112 m2.g-1 to 186 m2.g-1, reduction in pore size from 12.2 nm to 7.5 nm and 

increase in pore volume from 0.205 cc.g-1  to 0.353 cc.g-1 respectively. Further increase in Ti: 
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urea ratio exhibits no significant change in surface area, average pore size and average pore 

volume (see Figure 2.7 (h)). This is understandable, as urea acts as a fuel during heat 

treatment of the as-synthesized gels, resulting in rapid liberation of gases such as CO/CO2, 

NOx etc [13,14]. This may result in the randomly oriented agglomerate porosity in TiO2. 

Thus, the optimized titanium to urea ratio fixed as 1:8 with a maximum surface area of 186 

m2.g-1, average pore diameter of 7.5 nm and average pore volume of 0.353 cc.g-1. 

Furthermore, the phase purity of TiO2 was analyzed using powder X-ray diffraction studies 

(refer Figure 2.8 (a)). The characteristic peaks at 2θ values of 25.3°, 37.81°, 48.0°, 53.9°, 

55.06°, 62.7°, 68.7° and 70.2° corresponds to the 101, 004, 200, 105, 211, 205, 116, 220 

planes of TiO2 which was further confirmed by comparing it with the JCPDS standard 

pattern (JCPDS number 21-1272). The highly crystalline nature of TiO2 was characterized by 

peak at 2θ value = 25.3° corresponding to 101 plane of TiO2. All the characteristics peaks 

obtained at corresponding 2θ values were attributed to anatase phase of TiO2 with absence of 

rutile phase which is in good agreement with the literature reports. [15, 16].  Furthermore the 

effect of urea on the band gap of TiO2 was determined using UV-DRS. Urea is a well-known 

nitrogen containing fuel. Literature reports [17–23] suggest that, when it is used as a fuel for 

TiO2 synthesis, there is a possibility of N-doping resulting in decreasing the band gap of TiO2 

and the shift of absorption band to the visible region above 400 nm. In order to investigate 

such behavior, band gap analysis of the synthesized TiO2 was carried out. Figure 2.8 (b) 

shows UV-DRS plots of the as-synthesized TiO2 catalyst using urea (Ti: urea = 1:8) as 

structure directing agent in comparison to pristine TiO2. The band gaps of the synthesized 

TiO2 samples were found to be 3.24 and 3.29 (±0.5) eV (see Figure 2.8 (b)) which indicates 

no significant change in the band gap when urea was used as structure directing agent. 

Further, the effect of urea as structure directing agent on the morphology of as-synthesized 

TiO2 was determined using FESEM analysis. 
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Figure 2.7: N2 adsorption-desorption plots for (a) Pristine TiO2, (b) TU2, (c) TU4, (d) 

TU6, (e) TU8, (f) TU10, (g) TU12 and h) measured surface area versus Ti: Urea ratio. 
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Ti:urea Surface area 

(± 5 m2.g-1) 

Average. Pore  

size (nm) 

Average. Pore 

volume (cc.g-1) 

PT 68 11.6 0.190 

TU2 (1:2) 112 12.2 0.205 

TU4 (1:4) 135 10.9 0.263 

TU6 (1:6) 168 8.6 0.297 

TU8 (1:8) 186 7.5 0.353 

TU10 (1:10) 189 7.2 0.362 

TU12 (1:12) 190 7.1 0.425 

 

Table 2.3: Surface area, average pore size, and average pore volume of pristine TiO2 

(PT) and TiO2 with urea at different ratio. 

 

 

 

 

 

 

 

Figure 2.8: (a) XRD and (b) UV-DRS of PT and TU8. 

The surface morphology, particle size and shape of the pristine TiO2 and TiO2 with urea 

(TU8) have been investigated by using SEM and HR-TEM analysis. Figure 2.9 shows the 

morphology and elemental analysis of the pristine TiO2 (PT) and TiO2 (TU8) synthesized 

using urea as structure directing agent. A high agglomeration of particles were observed in 

case of PT. The agglomeration was relatively lower in case of TU8. Both PT and TU8 

showed presence of Ti and O with no other impurity peaks in EDS spectra. In addition to this 

the particle size of the TiO2 was determined using HR-TEM analysis. Figure 2.10 illustrates 
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the formation of nano size TiO2 particles. The low resolution TEM images (Figure 2.10 (a)) 

shows the formation of TiO2 nanoparticles of varied shapes. The average particle size was 

found by measuring the particle sizes of approximately 100 particles using ImageJ software 

and the mean particle size of 25 nm and 18 nm for PT and TU8 respectively was recorded. 

Figure 2.10 (c) shows the HR-TEM images of PT and TU. The calculated d spacing value 

was 0.351 nm corresponding to (101) plane of TiO2. The selected area electron diffraction 

patterns of PT and TU is shown as in Figure 2.10 (d). The polymorphic rings were observed 

in both PT and TU8, which indicates polycrystalline nature of the catalyst surface.  

 

Thus in summary, it is observed that the surface area of TiO2 could be significantly altered 

by addition of urea during the synthesis. The optimal Ti:U ratio of  1:8 (TU8) exhibited 

maximum surface area for (186 m2.g-1) which is greater than the pristine TiO2 by a factor of 3 

which is attributed to the reduction in particle size of TiO2 particles confirmed through TEM 

analysis. The mesoporous nature of TU8 is due to the agglomeration of the tiny particles 

which produces agglomerate porosity as confirmed through FE-SEM and BET studies. 

However, the addition of urea did not alter significantly the band gap of TiO2 as the 

calculated values were well within the error limits of the measurement. This limitation could 

be due to the fact that urea does not really act as a coordinating ligand to Ti4+ and can only 

serve as a fuel for combustion synthesis. If the structure of the Ti-hydroxide gel could be 

altered by using a suitable ligand, it could serve a greater purpose of modifying both the 

surface area as well as band properties of TiO2. Literature survey suggested that carboxylate 

groups serve as excellent coordination ligands that can bind to the metal ions in various 

modes [24–26]. Therefore, in the next synthesis strategy, it was indented to investigate the 

effect of various carboxylic acids with increasing number of COOH group as SDA in TiO2 

synthesis. The next section presents the results obtained from the above modification of 

synthesis strategy. 
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Figure 2.9: SEM and elemental characterization of Pristine TiO2 (PT) and TiO2 (TU8) 

synthesized using urea directing agent. 

 

 

Figure 2.10: (a) Low resolution TEM, (b) Particle size distribution (c) HRTEM and (d) 

SAED analysis of PT and TU8. 
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 Effect of number of carboxylic groups of SDA on porosity and surface area of 

TiO2 

In order to investigate the effect of number of carboxylic groups in SDA on the porosity and 

surface area of TiO2 catalyst, three different carboxylic acids were chosen namely, oxalic 

acid, tricarballylic acid, butanetetracarboxylic acid each having 2, 3 and 4 –COOH groups 

respectively. The synthesized titanium isopropoxide gel with each of the carboxylic acids 

were subjected to TG-DTA analysis, the results of which are presented in Figure 2.11 (a-c). 

The initial weight loss in all the three precursor were due to the loss of physical and chemical 

adsorbed water. A comparison between the TG-DTA profiles of TOA, TTC and TBTC 

revealed a striking difference in their decomposition pattern. The complete decomposition of 

the titanium isopropoxide gel with oxalic acid occurred at 500 °C. However, the higher 

temperature of 550 °C was required for complete decomposition of titanium hydroxide gel 

with tricarballylic acid and butanetetracarboxylic acid. This observation indicates the type of 

ligation between the Ti(OH)4-oxalic acid and the Ti(OH)4- tricarballylic 

acid/butanetetracarboxylic acid is significantly different. It is also expected that oxalic acid 

would coordinate via intramolecular ligation while the steric factor in case of tricarballylic 

acid and butanetetracarboxylic acid could result in intermolecular ligation [27]. Therefore, IR 

spectroscopic analysis of the titanium hydroxide with carboxylic acid hybrid gel precursors 

were performed and the obtained results are presented in Figure 2.11 (d). 

The precursor of titanium hydroxide gel with oxalic acid, tricarballylic acid and 

butanetetracarboxylic acid showed a broad band at the region around 3450 to 2500 cm-1 

which is due to the presence of OH group from the acids convoluted with OH stretching of 

free water molecules present in the gel. In all the three precursors the characteristic peaks of 

C=O and C-O stretching vibrations were observed at 1710 cm-1 to 1243 cm-1 respectively. 

The symmetric and unsymmetrical carbonyl stretching vibrations were observed at 1568 and 

1243 cm-1 which indicates the intramolecular carboxylate linkage with Ti4+[27]. 
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Figure 2.11:  (a-c) TG-DTA and (d, e) IR analysis of as synthesized hybrid gel 

precursors and the post calcined TiO2 labelled as TOA, TTC and TBTC respectively. 
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Figure 2.12:  (a) XRD and (b) UV-DRS of TOA, TTC and TBTC. 

 

Furthermore, the use of carboxylic acid as structure directing agent in titanium isopropoxide 

gel and its effect on the phase purity of the TiO2 was determined using powder X-ray 

diffraction analysis (refer Figure 2.12 (a)). All the three synthesized TiO2 i.e. TOA, TTC, and 

TBTC exhibited pure anatase phase of TiO2 with characteristics planes such as 101, 004, 

200, 105, 211, 205, 116, 220 corresponding to 2θ value of 25.3°, 37.81°, 48.0°, 53.9°, 55.06°, 

62.7°, 68.7° and 70.2° which confirms the formation of anatase phase of TiO2. This also 

indicates that no carboxylic acid as structure directing agent could not induce any phase 

change in the material. Furthermore, the band gap analysis of the TiO2 samples was 

performed. The obtained band gap of TOA, TTC and TBTC is 3.16, 3.18 and 3.21 eV (refer 

Figure 2.12 (b)). Thus, across the different carboxylic acids as SDA, there was no significant 

change in band gap of TiO2, however, when TOA is compared with PT, the band gap 

reduced from 3.29 to 3.16 eV signifying the alteration in optical properties of TiO2 induced 

by carboxylic acids as SDA.  

 

Furthermore, the influence of these carboxylic acids on surface area of TiO2 was determined 

using N2 adsorption-desorption isotherm analysis. Figure 2.13 shows N2 adsorption-

desorption isotherm analysis along with their pore size distribution graph (shown inset) for 

TOA, TTC and TBTC. All the three samples exhibited type IV isotherm with hysteresis loop 
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as per the IUPAC classification [12]. The obtained surface area were 107, 130 and 180 m2.g-1 

respectively. It is observed that as we increase the number of carboxylic acid groups in the 

titanium hydroxide gel the surface area was observed to increase with wider mesoporous size 

distribution as observed in Table 2.4. This could be attributed to the increase in interaction of 

COO- groups of carboxylic acid and possibly due to the change in their binding modes 

(intramolecular v/s intermolecular) with that of Ti+4. The influence of these carboxylic acids 

on the morphology of synthesized TiO2 was determined using FESEM analysis. Figure 2.14 

shows the FESEM images of TOA, TTC and TBTC. All the three catalyst exhibited spherical 

shaped morphology of TiO2 with cluster of tiny particles which represents the agglomerate 

porosity in the TiO2 samples. Further the particle size of the synthesized TiO2 was 

determined by measuring the particle size of approximately 100 nanoparticles using Image J 

software. Figure 2.15 (a) shows low resolution TEM of TOA, TTC and TBTC. The 

calculated particle size for TOA, TTC and TBTC was 11.4 nm, 13.6 nm, and 14.3 nm. The 

calculated d-spacing value for all three catalyst was ~0.35 which corresponds to 101 plane of 

TiO2. Bright rings in SAED as observed for all the three catalysts indicated highly 

polycrystalline nature of synthesized TiO2.  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.13: Measured BET surface area of TOA, TTC and TBTC 
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Figure 2.14: FESEM of TiO2 obtained from calcined titanium hydroxide gel modified 

with different carboxylic acid. 

 

Figure 2.15: (a, e and i) Low resolution TEM micrographs, (b, f and j) histogram of 

particle size distribution (c, g and k) HRTEM micrographs and (d, h and l) SAED 

pattern of TiO2 synthesized using carboxylic acids. 
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TiO2 Band gap 

(±0.05 eV) 

Surface area 

(± 5 m2.g-1) 

Average 

Pore size 

(nm) 

Average Pore 

volume (cc.g-1) 

TOA 3.16 107 4.7 0.50 

TTC 3.18 130 8.5 0.60 

TBTC 3.21 180 14.8 0.68 

 

Table 2.4: Band gap, surface area, pore size and pore volumes of the synthesized TiO2 

catalysts 

 

In summary, butanetetracarboxylic acid as SDA significantly influenced the pore structure 

and surface area of TiO2 compared to the oxalic and tricarballylic acid, resulting in the 

highest surface area of 180 m2.g-1 with a wide pore size distribution. Though, the obtained 

surface area was not significantly different as compared to TU8 (186 m2.g-1), the obtained 

pore size of 14.3 nm was found to be almost double as compared to TU8 (7.5 nm). This 

indicates that the ligation of carboxylate group with Ti-hydroxide gel has a greater influence 

on the pore structure as compared to urea which merely influences the combustion 

characteristics of the gel.  

 

Overall, the lower surface areas of TiO2 catalysts in spite of altering the pore size with 

carboxylic acids as SDA in comparison to urea, suggests stronger ligation of carboxylate 

groups to Ti4+. This probably makes their removal difficult during calcination as it needs 

extended calcination time. Since urea act as a fuel and its exothermic decomposition via gas 

evolution is well documented [28–30], it was strategized to use urea and carboxylic acid 

mixtures as Fuel + SDA so that this could act as a driving force for facile and complete 

removal of carboxylic acids from the gel matrix during calcination. Very interesting results 

were obtained with this strategy which are presented in the next section.   
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 Tuneability of TiO2 pore structure using carboxylic acid (SDA) and urea (fuel) 

mixture. 

The TG-DTA of the modified titanium hydroxide gel with urea and each of the acids; oxalic 

acid, tricarballylic acid and butanetetracarboxylic acid is presented in the Figure 2.16 (a) - 

(c). The initial weight loss is due to the loss of physisorbed water. The second major weight 

loss is due to the decomposition of the organic moiety. At temperature above 500 °C no 

significant weight loss was observed. Based on this all the samples were calcined at 500 °C. 

Thus using a combination of carboxylic acid with urea led to decrease in complete 

decomposition temperature of the gel i.e. oxalic-urea gel needed ≥420oC while both 

tricarballylic and butanetetracarboxylic acids with urea required ≥500oC for complete 

removal of precursors and transformation into TiO2. To further confirm this observation, IR 

analysis was carried out (refer Figure 2.16 (d)-(e)). The broad intense convoluted OH-

stretching vibration of acids, water with NH stretching vibrations of urea was observed in the 

region 3200-2500 cm-1 in all the precursor gels. The C=O and C-O stretching frequencies 

observed at 1553 cm-1 and 1180 cm-1 respectively were slightly shifted to lower 

wavenumbers in case of titanium (Ti(OH)4-butanetetracarboxylic acid/urea gel.  

This shift to a lower wavenumber indicates a weaker bonding interaction between Ti4+ and 

the butanetetracarboxylic acid group. Since the orientation of four COOH groups is in 

different planes, it is possible that butanetetracarboxylic acid coordinate with two Ti4+ which 

are present in adjacent planes in the titania gel matrix via intermolecular double ligation. 

Upon calcination of the gel matrix at 500 °C results in the complete removal of all the 

organic moiety leaving behind only the characteristic peaks of chemisorbed OH stretching 

and bending vibration at 3500-2500 cm-1 and 1598 cm-1 respectively. In addition to this, Ti-

O-Ti stretching vibrations was also observed in the region 800 -500 cm-1 in the calcined 

TiO2. The lower calcination temperature needed in this case confirms that addition of urea 

indeed facilitates decomposition and facile removal of carboxylic acids from the hybrid gel. 
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Figure 2.16: TG-DTA analysis of titanium hydroxide gel with (a) oxalic acid & urea (b) 

tricarballylic acid & urea (c) 1,2,3,4 butanetetracarboxylic acid & urea.  (d & e) IR 

analysis of all precursors and their corresponding calcined TiO2: TOAU, TTCU and 

TBTCU. 
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Further the effect of these urea-carboxylic acid modified hybrid gels on the phase formation 

of the TiO2 was investigated using powder XRD studies (see Figure 2.17 (a)). All the 

calcined sample exhibited highly crystalline nature of TiO2. A pure anatase phase of TiO2 

was obtained with the major intensity peaks appearing at 25.3°, 37.8°, 48.0°, 53.9°, 55.06°, 

62.7°, 68.7°, 70.2° corresponding to planes  101, 004, 200, 105, 211, 205, 116, 220 planes of 

TiO2 which are in good agreement with the JCPDS number 84-1286. The calculated band 

gap of TOAU, TTCU and TBTCU is 3.14 eV, 3.15 eV and 3.19 eV as presented in Table 2.5 

(see Figure 2.17 (b)). Thus not much change in the band gap is observed due to addition of 

urea to the carboxylic acid modified Ti-hydroxide gels. Furthermore the influence of these 

carboxylic acid/urea mixture on the porosity of TiO2 was investigated using N2 adsorption-

desorption analysis. 

Figure 2.17 (a) XRD and (b) UV-DRS of TOAU, TTCU and TBTCU. 

The influence of in-situ decomposition of Ti(OH)4 gel with carboxylic acid /urea mixture on 

the internal pore structure of TiO2 was investigated using BET N2 adsorption-desorption 

isotherm experiments and BJH pore size distribution analysis. All the measured values of 

average .pore size, average pore volume, and surface area are presented in Table 2.5. As 

evident from Figure 2.18, all the synthesized TiO2 displayed type IV adsorption isotherms. A 

clear distinction in the type of the hysteresis loop is evident when the TiO2 catalysts prepared 

from urea-carboxylic acids gels is compared with those prepared with  carboxylic acids alone 

(as presented earlier in Figure 2.13). At lower pressure it represents the monolayer–

multilayer adsorption followed by the capillary condensation/pore-filling mechanism.  
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Figure 2.18: N2 adsorption-desorption isotherms and pore size distribution (as inset) of 

TOAU, TTCU and TBTCU 

 

 

  

 

 

 

 

 

Table 2.5: Comparative analysis of surface properties of all the synthesized TiO2 

catalysts. 

 

 

 

TiO2 Band gap 

(eV) 

Surface area 

(± 5 m2.g-1) 

Average 

pore size 

(nm) 

Average 

pore volume  

(cc.g-1) 

TOAU 3.14 116 3.2 0.55 

TTCU 3.15 146 6.1 0.68 

TBTCU 3.19 238 4.8 0.84 
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TTCU and TBTCU, displayed a significant reduction in average pore size distribution by a 

factor of more than 2 with largely ordered mesoporous structures. The reduction in pore size 

is further accompanied by an increase in pore volume from 0.55, 0.68 to 0.80 cc.g-1, while 

the surface area increased tremendously from 116.8, 146.3 to 238.4 m2.g-1 in the case of 

TOAU, TTCU, and TBTCU respectively. TOAU is mostly composed of microporous 

structures. The steep desorption step, which is only observed in the case of H2(a) type 

hysteresis loop, is a characteristic of a complex interconnected pore structure wherein, either 

wide surface pore openings lead to subsequent percolation through narrow necks or 

cavitation induced evaporation mostly observed through spongy 3D gel-like interconnected 

mesoporous structures [12]. Further the influence of carboxylic acid and urea on the 

morphology of TiO2 was determined using FESEM analysis.  

 

Figure 2.19:  FESEM micrographs of the TiO2 obtained after calcination of titanium 

hydroxide gel modified with different carboxylic acid and urea mixture. 
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Figure 2.20 (a, e and i) Low resolution TEM micrographs, (b, f and j) histogram of 

particle size distribution (c, g and k) HRTEM micrographs and (d, h and l) SAED of 

TiO2 synthesized using carboxylic acids and urea. 

The surface morphology of the synthesized TiO2 was found to be highly influenced by the 

nature of carboxylic acids and its combination with that of urea. Highly agglomerated 

nanoparticles were observed in the case of TOAU. On the contrary, porous structures were 

seen in case of TTCU and TBTCU. It was evident that greater number of carboxylic groups 

in TTC and TBTC probably stabilized greater number of TiO2 particles while the presence of 

urea allowed transformation of these particles into highly robust, sponge-like super porous 

TiO2 especially in the case of TBTCU. This structural porosity in TiO2 could be due to the 

synergistic effect in enhancement of Ti+4 charge stabilization and in-situ decomposition of 

urea resulting in changing the internal pore structure of the TiO2 catalyst. This observation is, 

therefore, in excellent agreement with the N2 adsorption-desorption analysis presented earlier 

and explains the tremendous increase in measured surface area in the case of TiO2 obtained 

from TBTCU. Further the Low resolution TEM analysis of TOAU, TTCU and TBTCU were 

carried out and presented in Figure 2.20 (a) (e) and (i). The calculated particle size was 9 nm, 
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7.2 nm and 6.6 nm for TOAU, TTCU and TBTCU which are comparatively lower than TOA, 

TTC and TBTC (see Figure 2.20 (b) (f) and (j)). HRTEM micrographs depicts the fringes 

spacing of 0.35 nm which corresponds to the (101) plane of TiO2 which is indexed to the 

anatase phase of TiO2  as observed from powder XRD pattern (see Figure 2.20 (c) (j) and 

(k)). All the synthesized TiO2 were analyzed using SAED pattern (see Figure 2.20 (d) (h) and 

(l)) and it was observed to exhibit similar diffused ring patterns. Thus indicating 

polycrystalline nature of all the TiO2 samples. The observed diffraction rings are indexed to 

(101), (004), (200), (105), (211), (205), (116) and (220) which are in good agreement with 

the powder XRD analysis. Thus, in summary, the modifications of Ti-hydroxide - carboxylic 

acid gels with urea could successfully produce highly porous TiO2 nanostructures of high 

surface area. The band structure and phase remained an intrinsic property of TiO2 which was 

not altered upon SDA modifications. 

It was indeed interesting to investigate whether all the morphological changes introduced into 

the TiO2 while converting it into extremely porous catalyst of high surface area, could have 

an effect on its adsorption capacity as well as photocatalytic properties. Therefore, all the 

synthesized catalysts were subjected to dye adsorption studies as presented in the next 

section. 

2.5.2 Adsorptive removal of Amaranth dye from water using synthesized TiO2 

catalysts. 

The catalytic efficiency of all the synthesized TiO2 catalysts (PT, TU8, TOA, TTC, TBTC, 

TOAU, TTCU and TBTCU) in comparison to the commercial Degussa P-25 was determined 

for adsorptive removal of Amaranth dye from waste water. The nature of interaction between 

the adsorbate and adsorbent was investigated using adsorption isotherm and adsorption 

kinetic study.  

 Adsorption isotherm studies 

The procedure for adsorption isotherm study for all the synthesized TiO2 was carried out as 

per the procedure mentioned in section 2.4.4 and the adsorption capacity at equilibrium (qe), 

and the Amaranth removal efficiency of each of the TiO2 catalyst was determined. The plot 

of adsorption equilibrium (qe) as a function of initial concentration of Amaranth dye was 
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fitted using non-linear forms of different adsorption isotherm models such as Langmuir, 

Freundlich, Sips and Temkin models [3]. Figure 2.21 represents the adsorption isotherm plots 

for PT and TU8 in comparison with Degussa P-25 (DEG). Similarly Figure 2.22 represents 

the adsorption isotherm study for TOA, TTC, TBTC, TOAU, TTCU and TBTCU. It is a plot 

of maximum adsorption capacity qe as a function of adsorbate concentration ce. From the 

plots of all the TiO2 catalysts we observe that at lower initial concentration of Amaranth dye 

there is near linear increase in the maximum adsorption capacity which subsequently enters 

into an equilibrium at higher initial concentration of Amaranth dye.  

This could be due to the easy availability of the adsorptive sites for the Amaranth dye 

molecule to adsorb on the catalyst surface[4]. The analysis of adsorption data revealed that 

the Sips model best fitted the adsorption data with highest correlation coefficient values i.e. 

R2≥ 0.98 in the case of all TiO2 catalysts (see Table 2.6). Sips model is a combination of both 

Freundlich and Langmuir adsorption isotherms which more reliably predicts the adsorption 

on any heterogeneous surface and overcomes the limitations of Freundlich isotherm model 

related to the higher concentrations of adsorbate [31]. Therefore, at lower concentrations of 

adsorbate, the Sips model agrees well with the Freundlich model, however, at higher 

concentrations of adsorbate it aligns well with the Langmuir’s isotherm model [3].  

The adsorption capacity of TU8 (65.5 mg.g-1) observed to be higher as compared to PT (42.2 

mg.g-1) and DEG (26.3 mg.g-1). The high adsorption capacity of TU8 was attributed to its 

high surface area of 186 m2.g-1 as compared to PT (50 m2.g-1) and DEG (68 m2.g-1).  

Furthermore the maximum adsorption capacity of TOA, TTC and TBTC were found to be in 

the order TBTC (73.8 mg.g-1) > TTC (62.4 mg.g-1) > TOA (48.6 mg.g-1). The obtained 

adsorption capacity is in good agreement with the surface area of the TBTC (180 m2.g-1) > 

TTC (130 m2.g-1) >TOA (107 m2.g-1). Thus higher the surface area greater is the adsorption 

capacity. Similar observation was observed for TiO2 synthesized using carboxylic acid and 

urea mixture as SDA. The maximum adsorption capacity was in the order TBTCU (87.8 

mg.g-1) > TTCU (80.9 mg.g-1) > TOAU (62.4 mg.g-1).  
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Figure 2.21: (a-c) Amaranth dye adsorption isotherms for DEG, PT and TU8. 

 

Thus TBTCU exhibited maximum adsorption capacity of 87.8 mg.g-1 which was 

comparatively higher than that of TU8 and DEG. This trend of adsorption capacity was 

attributed to the increased ordered mesoporosity, presence of interconnected pore networks 

and increase in pore volume resulting in increased effective surface area in TBTCU based on 

BET analysis. 
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Figure 2.22:  (a-f) Amaranth dye adsorption isotherms for TOA, TTC, TBTC, TOAU, 

TTCU and TBTCU. 
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Isotherm 

models 

Parameters Materials 

DEG PT TU TOA TTC TBTC TOAU TTCU TBTCU 

Langmuir qm (mg.g-1) 29.8 58.1 76.4 55.6 66.4 89.3 75.2 98.2 104.8 

KL (L.mg-1) 0.091 0.086 0.069 0.073 0.071 0.051 0.058 0.046 0.049 

RL 0.11-

0.12 

0.21-

0.32 

0.35-

0.40 

0.110-

0.578 

0.113-

0.584 

0.151-

0.662 

0.135-

0.632 

0.165-

0.684 

0.156-

0.671 

R2 0.80 0.84 0.92 0.97 0.97 0.97 0.97 0.97 0.95 

Freundlich KF (L.mg-1) 12.6 19.6 19.3 15.1 17.4 17.2 16.4 16.7 19.3 

1/n (mg.g-1) 0.175 0.220 0.276 0.262 0.265 0.330 0.302 0.348 0.334 

R2 0.57 0.66 0.78 0.76 0.73 0.79 0.76 0.82 0.83 

 Sips qm (mg.g-1) 26.3 42.2 65.5 48.0 55.7 73.8 62.4 80.9 87.8 

KS (L.mg-1) 0.068 0.052 0.010 0.081 0.079 0.065 0.070 0.060 0.063 

m 3.22 2.59 1.93 1.90 2.08 1.92 2.07 1.77 1.73 

R2 0.97 0.95 0.98 0.98 0.98 0.98 0.98 0.98 0.98 

Temkin β (mg.g-1) 548.4 237.3 157.2 222.7 186.1 122.4 150.0 108.8 104.2 

KT (L.mg-1) 5.378 1.808 0.790 0.931 0.854 0.453 0.554 0.383 0.436 

R2 0.64 0.73 0.86 0.85 0.82 0.88 0.85 0.92 0.92 

 

Table 2.6: Adsorption isotherm parameters obtained using different adsorption 

isotherm models 

 Adsorption kinetic studies  

The efficiency of any adsorbent is characterized by its excellent adsorption capacity over a 

short period of time under optimized condition. Thus kinetic study provides us the rate of 

adsorption process [1,32]. The experimental procedure for the adsorption kinetic analysis is 

explained in section 2.4.5. The obtained experimental data was fitted using different kinetic 

models such as pseudo-first-order (Figure 2.23 (a)), pseudo-second-order (Figure 2.23 (b)), 

Elovich model (Figure 2.23 (c)) and intraparticle diffusion model (Figure 2.23 (d)). The 

calculated adsorption kinetics parameters using these kinetic models are compiled under 

Table 2.7. The adsorption kinetic profile for all the TiO2 catalysts depicted faster adsorption 

rate at initial stage of adsorption process and its subsequent decrease as it approaches towards 

the equilibrium.  
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The faster adsorption rate is ascribed to the large availability of the active sites on the catalyst 

surface and the strong electrostatic interaction of the active sites and the dye molecule at the 

beginning of the adsorption process (Mittal et al., 2018). Based on the values of correlation 

coefficient i.e. R2, it was decided that the adsorption of Amaranth dye on all the catalyst 

followed pseudo-first-order rate kinetics which predicted that, the rate of adsorption process 

depends on the initial concentration of the Amaranth dye and excess number of adsorptive 

sites present on the TiO2 catalyst surface [35]. The experimental maximum adsorption 

capacity qe-exp were found to be very close to qe-cal for pseudo-first-order kinetic fit of all the 

TiO2 catalysts [36,37]. It was also observed that the rate constant obtained using pseudo-first-

order as well as pseudo-second-order rate equations followed the order DEG < PT < TU8 < 

TOA < TTC < TBTC < TOAU < TTCU < TBTCU  which also predicts that with increasing 

ordered mesoporosity and surface area, the adsorption capacity, as well as the rate of 

adsorption increases significantly. 

 The complete process of the transfer of dye molecules from bulk solution to the adsorption 

sites is a combination of different steps involving the initial transfer to dye molecules from 

bulk solution to the boundary layer or outer surface of adsorbent followed by the transfer of 

dye molecules to the inner pores of adsorbent and finally attachment to the adsorption sites 

[38]. Therefore,  to get further insights into the adsorption mechanism, the experimental 

adsorption kinetics data was fitted using the linear form of the intraparticle diffusion model 

(Figure 2.23 (d)) and different parameters calculated using this model are compiled under 

Table 2.7. It was observed that the plot of intraparticle diffusion model did not pass through 

the origin and had different slopes which ruled-out possibilities of the applicability of 

intraparticle diffusion model alone and predicted that the dye diffusion mechanism was not 

completely controlled by a single mechanism but it was a combination of two or more 

mechanisms.  
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Figure 2.23: (a-d) Amaranth dye adsorption kinetic profiles over all the synthesized 

TiO2 catalysts. 

The plots of intraparticle diffusion model showed two regions with slope S1 and S2 with S1 

being quite higher than S2, which suggested that the contribution of the steps involving the 

transfer of dye molecules from bulk solution to the internal pores is quite higher. Further, the 

value of the slope of region S1 also followed the order DEG < PT < TU8 < TOA < TTC < 

TBTC < TOAU < TTCU < TBTCU (Table 2.7) which suggested that the dye uptake 

increased with increasing ordered porosity and surface area. A control experiment with HCl 

and Amaranth dye at pH 2 (without catalyst) resulted in a merely 1.5% decrease in Amaranth 

dye concentration even after 24 h, thus confirming that the porosity and surface area of the 

catalyst contributed significantly to adsorptive separation of Amaranth dye.  
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Models 
Parameters 

Materials 
DEG PT TU TOA TTC TBTC TOAU TTCU TBTCU 

Pseudo-

first-order 
k

1
 (min

-1
) 0.032 0.034 0.036 0.049 0.059 0.093 0.060 0.080 0.106 

q
e,cal

  
(mg.g

-1
) 24.1 51.2 66.0 50.3 58.2 63.4 50.9 59.8 68.3 

q
e,exp

  
(mg.g

-1
) 18.5 49.6 64.2 52.1 60.9 66.3 54.0 54.0 72.1 

R
2 0.98 0.96 0.97 0.98 0.98 0.97 0.98 0.98 0.97 

Pseudo-

second-

order 
K

2
 (g.mg

-1 
. min

-1
) 

7.68 

×10
-3 

6.62 

×10
-4 

5.49 

×10
-4 

1.02 

×10
-3 

1.12 

×10
-3 

1.84 

×10
-3 

1.30 

×10
-3 

1.58 

×10
-3 

2.04 

×10
-3 

q
e,cal

  
(mg.g

-1
) 

20.87 61.13 78.54 58.74 66.66 69.88 58.36 66.88 74.54 

R
2 0.92 0.94 0.95 0.96 0.97 0.97 0.96 0.97 0.96 

Elovich B (g.mg
-1

) 16.53 7.41 9.53 0.084 0.077 0.085 0.089 0.083 0.084 
k

E
 (mg.g

-1
. 

 min) 
0.31 0.08 0.06 8.48 12.80 32.0 11.43 21.04 48.66 

R
2 0.91 0.90 0.92 0.91 0.92 0.97 0.95 0.94 0.96 

Intraparticle 

diffusion 
k

ID 
(S1) 

(mg.g
-1

.  
 min

-1/2
) 

2.02 5.17 6.83 6.73 8.40 11.03 6.93 10.25 12.25 

C(S1)  
(mg.g

-1
) 4.30 2.44 2.83 0.21 0.41 1.59 1.47 0.16 2.82 

R
2
 (S1) 0.85 0.98 0.99 0.98 0.98 0.97 0.98 0.98 0.97 

k
ID 

(S2)  
(mg.g

-1
.  

min
-1/2

) 
0.33 0.81 0.36 1.02 1.30 1.13 1.05 1.26 1.13 

C(S2)  
(mg.g

-1
) 2.44 41.84 61.75 45.43 51.56 57.73 46.63 53.18 63.01 

R
2
 (S2) 0.82 0.47 0.40 0.92 0.95 0.94 0.97 0.96 0.97 

 

Table 2.7: Adsorption kinetic parameters obtained using different adsorption kinetic 

models. 
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 2.6 Photocatalytic degradation of Amaranth dye using synthesized TiO2 catalysts. 

 Kinetic studies 

 The detailed experimental procedure for photocatalytic degradation of Amaranth dye is 

already presented in section 2.4.5. The change in Amaranth dye concentration as a function 

of irradiation time is as shown in Figure 2.25 (a). As observed from the Figure 2.24, the 

photocatalytic degradation experiment without catalyst, exhibited only ~4 % decrease in 

absorbance of the initial dye value after the irradiation of 60 minutes. On the other hand a 

significant decrease in initial concentration of dye was observed in presence of TiO2 

catalysts. The color of the Amaranth dye solution was observed to change from dark pink to 

pale pink to colorless at the end of 50 minutes in presence of all the TiO2 catalyst i.e. PT, 

TU8 and DEG. The maximum degradation efficiency of 92.7 % was obtained using TU8 as 

compared to (PT 85.3 %) and DEG ( 80.6  %) as presented in Table 2.8 which is attributed to 

its high surface area as compared to PT (68 m2.g-1) and DEG (50 m2.g-1)  and due to its 

relatively lower band gap of 3.24 eV compared to PT.   

 

Figure 2.24 (b) shows a plot of ln[Amaranth]0/[Amaranth]t as a function of time which gives 

a straight line fit and from the slope of which the rate constant ‘k’ is calculated and is 

presented in Table 2.8. It was observed that photocatalytic degradation kinetics of Amaranth 

dye was best fitted using pseudo first order kinetic model [39,40] and the highest rate 

constant was 0.669×10-1 min-1 obtained using TU8 catalyst. For enhancement in 

photocatalytic degradation performance various parameters were optimized such as TiO2 

catalyst dosage, initial Amaranth dye concentration and the pH of the solution which has 

been discussed in detail in the following sections. 
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Figure 2.24 (a) & (b): Kinetic profiles for photocatalytic degradation of Amaranth dye 

using TU8 catalyst in comparison with PT and DEG.  

 

 

 

 

 

 

 

 

 

 

Table 2.8: Correlation between material properties with that of photocatalytic 

performance of the synthesized catalysts. 

 

 

 

 

 

 

 

Catalyst Band gap 

( eV) 

BET surface 

area 

(± 5 m2.g-1 ) 

% Degradation 

(in 40 min) 

kapp  (× 10-1) 

(min-1) 

Blank --- --- 2.8 0.007 

DEG 3.20 50 80.6 0.440 

PT 3.23 68 85.3 0.539 

TU8 3.22 186 92.7 0.669 
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Figure 2.25: Effect of (a) catalyst dosage, (b) initial Amaranth dye concentration and (c) 

pH of the dye solution. 

 

 Effect of catalyst loading on photocatalytic activity of TiO2. 

The optimum concentration of TiO2 required for photocatalytic degradation of Amaranth dye 

was evaluated by varying the catalyst dosage in individual photocatalytic reactions. The 

amount of TiO2 taken was 30, 50, 70, 90, 110 and 140 mg. Figure 2.25 (a) represents the % 

degradation efficiency as a function of catalyst dosage. The photocatalytic degradation 

efficiency was observed to increase with increase in the amount of catalyst up to 90 mg. This 

is attributed to the increase in number of active sites on the photocatalytic surface which 

leads to the increase in the photocatalytic activity [41]. However, with further increase in 

catalyst dosage the photocatalytic degradation efficiency did not improve any further, which 

could be due to the saturation of particles in the solution and less penetration of light due to 

the turbidity formed from the increased amount of the catalyst.  
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 Effect of initial dye concentration on photocatalytic activity of TiO2. 

The effect of initial dye concentration of photocatalytic degradation efficiency was evaluated 

experimentally. The different initial concentrations of the dye taken were 30 ppm, 50 ppm, 

70 ppm, 90 ppm and 110 ppm as can be observed from Figure 2.25 (b). It is observed that at 

lower initial concentration of the dye, the rate of degradation is faster and with increase in 

initial dye concentration the rate of dye degradation decreases. This is attributed to the fact 

that at high concentrations, dye itself acts as an internal filter absorbing most of the light 

from the lamp [42]. Thus, reducing the number of photons available for excitation of the 

catalyst surface and hence leads to reduction in reactive oxygen species which are 

responsible for photocatalytic degradation of the dye. 

 

 Effect of pH on photocatalytic activity of TiO2. 

The initial pH of the dye solution was observed to be 5.6. The efficiency of photocatalytic 

degradation of dye always depends on the pH of the dye solution and the point of zero charge 

of the catalyst. The effect of pH for photocatalytic degradation of Amaranth dye was 

investigated in the pH range from 2 to 11. It is observed from the Figure 2.25 (c) that the 

acidic pH shows better photocatalytic degradation as compared to alkaline pH. The highest 

photocatalytic degradation of Amaranth was obtained for pH = 2. Thus, the optimized 

conditions for photocatalytic degradation of Amaranth dye were [catalyst] = 90 mg, 

[Amaranth dye] = 30 ppm and pH = 2. Furthermore, these optimized conditions were used to 

investigate the photocatalytic degradation of Amaranth dye using TOA, TTC, TBTC, TOAU, 

TTCU and TBTCU catalysts and compared its activity with that of DEG-P25, PT and TU8. 

 

 Photocatalytic activity of TiO2 synthesized using carboxylic acid-urea mixtures 

as structure directing agents. 

To investigate the influence of induced structural porosity in TiO2 using carboxylic acid and 

urea combination as structure directing agent, the photocatalytic degradation of Amaranth 

dye was carried out under optimized conditions i.e [catalyst] = 90 mg, [Amaranth] = 30 ppm 

and pH=2. Figure 2.26 (a & b) shows the kinetic profiles of the photocatalytic degradation of 

Amaranth dye using DEG-P25, PT and TU8.  TU8 exhibited maximum photocatalytic 

degradation efficiency of 88 % in 15 minutes as compared to DEG and PT. This enhanced 
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activity of TU8 was due to three main factors i) agglomerate porosity with average pore size 

of 7.5 nm and average pore volume of 0.35 cc.g-1 contributing to the high surface area of 186 

m2.g-1 ii) the acidic pH of the solution which facilitates the faster adsorption of an anionic dye 

on the catalyst surface and iii) the lower band gap of TU8 compared to PT. Furthermore, the 

comparative photocatalytic degradation study was carried out for TiO2 synthesized using 

carboxylic acid and carboxylic acid urea combination as SDA. The TiO2 synthesized using 

only carboxylic acids as structure directing agent i.e. TOA, TTC and TBTC exhibited a 

gradual increase in photocatalytic degradation efficiency with the increase in the number of –

COOH groups. The order of photocatalytic performance was TBTC (83.4 %) > TTC (79.1 

%) > TOA (73.6 %) respectively along with the corresponding increase in pseudo first order 

rate constant TBTC (0.993 × 10-1 min-1) > TTC (0.776 × 10-1 min-1) > TOA (0.645× 10-1 min-

1) as can be seen from the Table 2.9. In comparison to TOA, TTC and TBTC corresponding 

% degradation efficiency of TOAU, TTCU and TBTCU was higher. TOAU showed marginal 

increase in % degradation efficiency of 76.9 % as compared to TOA. However, TTCU and 

TBTCU which showed robust structural porosity and high surface area exhibited enhanced 

photocatalytic performance of 89.9 % and 95.6 % respectively, within irradiation time of 15 

minutes. On comparing the photocatalytic performance of TBTCU with that of DEG-P25, PT 

and TU8 the order of % degradation efficiency was found to be TBTCU (95.6 %) > TU8 (88 

%) > PT (84.6 %) > DEG (82.8 %). So thus, the photocatalytic degradation efficiency of 

TBCTU was higher than that of TU8 which could be due to its interconnected structural 

porosity contributing to high surface area as compared to the agglomerate porosity in case of 

TU8. The improved % degradation efficiency of 95.6 % with maximum rate constant of 1.5 × 

10-1 min-1 was compared with that of literature reports as summarized in Table 2.10. TBTCU 

exhibited highest % degradation of Amaranth dye within 15 minutes in comparison to other 

literature reported catalyst such as ZnO, N-WO3, N-ZrO2 which requires around 100-300 

minutes for complete degradation of the Amaranth dye under comparable experimental 

conditions. This signifies the importance of structural porosity in the catalyst for 

photocatalytic performance. Furthermore, the regeneration activity studies were carried out in 

order to evaluate the catalyst stability and cycling performance.  
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Figure 2.26: a) Kinetic profiles and b) logarithmic plots for photocatalytic degradation 

of Amaranth dye using TiO2 photocatalysts. 

 

 

 

 

 

 

 

 

 

 

Table 2.9: Comparative analysis of the Amaranth degradation efficiency, 

corresponding photocatalytic rate constant and material properties of all the 

synthesized catalysts. 

 

 

 

Catalyst Band gap 

( eV) 

BET surface 

area 

(± 5 m2.g-1 ) 

% Degradation 

(in 15 min) 

kapp  (× 10-1) 

(min-1) 

Blank --- --- 5.0 0.002 

DEG 3.20 50 82.8 1.145 

PT 3.23 80 84.6 1.108 

TU 3.22 186 88.0 1.334 

TOA 3.16 107 73.6 0.902 

TTC 3.18 130 79.1 1.042 

TBTC 3.21 180 83.4 1.190 

TOAU 3.14 116 76.9 0.990 

TTCU 3.15 146 89.8 1.492 

TBTCU 3.19 238 95.6 2.048 



 

83 
 

 CHAPTER II                                                                                                               NAIK2022 

 

Table 2.10: Comparative analysis of Amaranth dye degradation efficiency of TBTCU 

with that of literature reported catalysts. 

 Catalyst regeneration studies 

The regeneration of the all the synthesized catalysts have been carried out under optimized 

conditions. Figure 2.27 shows the regeneration capacity of DEG, PT, TU8, TBTC and 

TBTCU was carried out for five consecutive cycles. After each reaction the dye adsorbed on 

the catalyst was desorbed by boiling it in a hot water for one hour with continuous stirring 

and then it was reactivated at 200 °C, and then the photocatalytic degradation was carried 

out. The obtained photocatalytic degradation efficiency is presented in Figure 2.26. Thus the 

TBTCU showed maximum efficiency as compared to the rest of the catalyst. 

 

Catalyst Initial dye 

concentration 

Light source Reaction 

time 

(min) 

% 

Degradation 

N,S-doped 

 Titania [43] 

3.90 x 10 -5 M 200 W tungsten 

lamp 

90 59.3 

N-WO3[44] 25 mg.L-1 160 W 

Visible and UVA 

light 

120 100 

TiO2[45] 84 µmol.L-1 125 W 60 75.0 

TiO2 [46] 30 ppm Solar light 90 99.1 

N-ZrO2[47] 10 ppm  Fluorescent lamp 

(visible) 24 W and 

Low pressure Hg 

lamp(UV) of 15 W 

120 

 

240 

26.4 

 

84.5 

ZnO [48] 

  

20 ppm  250 W  

Hg medium 

pressure lamp 

120 100 

ZnO [49] 4.4 x 10-5 M 200 W tungsten 

lamp 

300 92.5 

TBTCU  

[This work] 

30 ppm 250 W Hg Medium 

pressure Lamp 

15 95.6  
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Figure 2.27: Catalyst regeneration study of Degussa P-25, PT, TU8, TBTC and TBTCU.  

2.6 Conclusion. 

Mesoporous anatase TiO2 catalysts were synthesized using reflux assisted sol-gel method. 

The effect of urea on surface area of TiO2 was investigated. TiO2 synthesized using Ti:U 

ratio of 1:8 exhibited highest surface area of 186 m2.g-1 with pore size of 7.5 nm and pore 

volume of 0.35 cc.g-1 thus confirming the role of urea in inducing porosity in TiO2. In 

addition to this, the effect of different carboxylic acids as SDA on pore size distribution and 

surface area of the TiO2 was investigated. It was confirmed that with the increase in the 

number of –COOH groups in the SDA, the porous TiO2 with wider pore size distribution are 

formed. This porosity is largely due to the randomly oriented agglomerated nanoparticles. 

The stronger interaction between the carboxylate groups and Ti4+ also lead to longer 

calcination times for their complete removal from the TiO2. Such increased heat treatments 

probably also lead to partial collapse of pore structure in TiO2. In an innovative strategy, 

suitable combination of carboxylic acid with urea was used as a mixed SDA which assisted 

in facile removal of carboxylic acids during combustion further assisting in tailoring the 

agglomerate porosity into structurally robust, ordered mesoporosity especially in the case of 

TTCU and TBTCU. Structurally robust mesoporous TiO2 with highest surface area of 238 

m2.g-1, and average pore size and pore volume of 4.8 nm and 0.84 cc.g-1 was obtained using 
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butanetetracarboxylic acid and urea as SDA. All the synthesized TiO2 catalysts were then 

tested for adsorptive removal of Amaranth dye from water. The experimental data was 

analyzed using various adsorption isotherms and adsorption kinetic models were fitted to 

understand the interaction between Amaranth dye and TiO2. Amaranth adsorption on all the 

synthesized TiO2 exhibited Sips adsorption model and the maximum adsorption capacity of 

87.8 mg.g-1 was obtained for TBTCU which was greater than PT by a factor of 2. 

Furthermore, TBTCU also exhibited the highest Amaranth dye photodegradation efficiency 

of 95.6 % (in 15 minutes) with a rate constant of 2.05 × 10-1 min-1 which is the best 

photocatalytic Amaranth degradation performance reported till date in the literature. 

Therefore, the first objective of designing a novel synthesis process to produce highly robust, 

mesoporous TiO2 catalyst of high surface area and catalytic activity was successfully 

achieved. 
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3.1 PROLOGUE 

This chapter deals with synthesis, characterization and catalytic application of Ni1-xO 

nanostructures. The nanoporous Ni1-xO catalysts have been synthesized by combustion of 

different nickel coordination compounds: 

i) Hexaaquanickel(II) bis(p-nitrobenzoate) dihydrate  

ii) Tetra-aquobis(para-nitrobenzoato)nickel(II) dihydrate   

iii) Diaquabis(imidazole-κN)bis(nitrobenzoate-κO)nickel(II) 

iv) Hexakis(imidazole)nickel(II) bis(4-nitrobenzoate) dehydrate  

Furthermore, sol-gel synthesis method has been employed wherein Ni1-xO has been prepared 

using Ni2+ precursors, with and without urea as SDA as detailed in section 3.3. The detailed 

characterization of Ni1-xO synthesized by the above methods is discussed in section 3.4.1. 

Finally, its catalytic efficiency for the adsorptive removal and photocatalytic degradation of 

Amaranth dye is presented in section 3.4.2 and 3.4.3 followed by the conclusion of this study 

in section 3.5.  

 

3.2 CHEMICALS USED  

The chemicals such as Nickel chloride hexahydrate (99 %), Sodium bicarbonate (99%), para-

Nitrobenzoic acid (4-nbaH) (99 %), Ammonia solution (25 % in water), Urea (99.5 %) were 

purchased from Alfa Aesar. Imidazole (99 %) was purchased from Spectrochem Pvt Ltd. All 

these chemicals were used for the experimental work without any further purification. 

 

3.3 EXPERIMENTAL: SYNTHESES STRATEGY AND PROCEDURES  

3.3.1 Synthesis of Ni1-xO from [Ni(H2O)6](4-nba)2.2H2O and  [Ni(H2O)4(4-nba)2].2H2O  

The chemical structures of [Ni(H2O)6](4-nba)2.2H2O referred to as compound I and 

[Ni(H2O)4(4-nba)2].2H2O labeled as compound II are shown in Figure 3.1. The synthesis of 

nickel coordination compounds I and II was carried out as per the procedure reported in 

references [1, 2].The schematic representation of synthesis procedure for I & II and its 

subsequent transformation into Ni1-xO is depicted in Figure 3.2. The reaction of freshly 

precipitated nickel hydroxide with 4-nitrobenzoic acid (4-nbaH) dissolved in ammonia (at pH 

= 12.0) resulted in the formation of the blue hexaaquo Ni(II) compound [Ni(H2O)6](4-



 

94 
 

 CHAPTER III                                                                                                                 NAIK 2022 

nba)2.2H2O (I) in agreement with Ref. [1]. The detailed characterization and crystal structure 

elucidation of compounds I is available in references [1–3]. The synthesized crystals were 

calcined at 400oC. The Ni1-xO obtained post-calcination is labeled as N1. 

Subsequently, the reaction of [Ni(H2O)6]Cl2 with the sodium salt of 4-nitrobenzoic acid 

resulted in the formation of the green compound [Ni(H2O)4(4-nba)2].2H2O (II) which is in 

good agreement with the reported observations [2]. The synthesized crystals were calcined by 

following a controlled two-step calcination strategy. The detailed characterization and crystal 

structure elucidation of compounds I and II are available in references [1–3] and hence are not 

repeated here. The synthesized crystals were calcined at 400oC. The Ni1-xO obtained post-

calcination is labeled as N2. 

 

 

 

 

 

. 

 

 

 

 

Figure 3.1: Structure of (I) [Ni(H2O)6](4-nba)2.2H2O  and (II) [Ni(H2O)4(4-nba)2].2H2O  

 

3.3.1 Synthesis of Ni1-xO from [Ni(Im)6](4-nba)2.2H2O  and [Ni(Im)2(4-

nba)2(H2O)4].2H2O 

The chemical structure of  Ni(H2O)2(Im)2(4-nba)2] labeled as III and [Ni(Im)6](4-

nba)2.2H2O  labeled as IV is shown in Figure 3.3.  The synthesis of nickel coordination 

compounds III and IV is carried out as per the procedure reported in [4, 5]. The schematic 

representation of synthesis procedure for III and IV and their subsequent transformation into 

Ni1-xO is depicted in Figure 3.4.  
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Figure 3.2: Schematic representation of synthesis of Ni1-xO from  

compounds a) I and b) II. 

 

 

 

Figure 3.3: Structures of (III) [Ni(Im)2(4-nba)2(H2O)4].2H2O 

and (IV) [Ni(Im)6](4-nba)2.2H2O   
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Briefly, the sodium salt of 4-nitrobenzoic acid (4-nbaH) was synthesized by reacting 4-nbaH 

with sodium bicarbonate in an aqueous medium and added to [Ni(H2O)6]Cl2  solution to obtain 

a  green coloured mixture. Further to this solution mixture, imidazole in the ratio Ni: Im = 1:2 

was added, resulting in the formation of dark green coloured crystals of [Ni(H2O)2(Im)2(4-

nba)2] which is in good agreement with reference [6].The synthesized crystals were calcined 

at 400oC. The Ni1-xO obtained post-calcination is labeled as N3. Similarly,  the reaction 

[Ni(H2O)6]Cl2 with the sodium salt of 4-nitrobenzoic acid  and Imidazole in the ratio Ni: Im = 

1:6 resulted in the formation of  blue coloured crystals of [Ni(Im)6](4-nba)2.2H2O which is in 

agreement with reference [4]. The detailed characterization and crystal structure elucidations 

of III and IV is reported in the references [2–4, 6] and therefore it is not repeated here. The 

post calcined material was labeled as N4.  

 

 

Figure 3.4: Synthesis of Ni1-xO from compounds a) III and b) IV. 
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3.3.2 Synthesis of Ni1-xO from Ni(OH)2 –urea mixture. 

 A solution was prepared by dissolving 3.89 g of the nickel nitrate in 20 mL deionized water. 

To this solution 1M NH4OH was added to form nickel hydroxide precipitate which was then 

digested at 100 °C and calcined at 400oC to obtained pristine Ni1-xO hereafter referred to as 

PN. Subsequently, in another synthesis, nickel hydroxide was precipitated in a similar 

procedure as above and was further modified using urea as structure directing agent. The 

obtained mixture was digested at 100 °C to get a dried precipitate. The precipitate was then 

calcined at 400°C to obtain Ni1-xO referred to as NU. The temperature for calcination was 

chosen based on TG-DTA analysis, more details of which are presented in the result and 

discussion section. A schematic representation of the above synthesis strategy is shown in 

Figure 3.5. 

 

 

 

 

 

 

 

 

Figure 3.5: Schematic of Ni1-xO synthesis by precipitation method. 

3.3.3 Protocol of Amaranth dye adsorption isotherm and kinetic studies. 

In a typical adsorption experiment, the pre-activated Ni1-xO catalyst (0.3 g) was dispersed in 

1L Amaranth dye solution of varied concentrations from 10 to 110 ppm. The solution was kept 

on shaker for 24 hours at room temperature. The absorbance of each of the solution was 

recorded at 520 nm using UV-Visible spectrophotometer. The adsorption capacity at 

equilibrium (qe), and the Amaranth removal efficiency of each of the Ni1-xO catalyst was 

determined using the standard adsorption isotherm models. [1,2] The graph of qe as a function 
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of initial concentration of Amaranth dye was fitted using non-linear forms of different 

adsorption isotherm models such as Langmuir, Freundlich, Sips and Temkin models [3–5].  

Similarly, the adsorption kinetic experiments were performed to know the reaction rate and the 

adsorption mechanism. In a typical experiment 0.3 g of each of the Ni1-xO catalysts were 

dispersed in 1L of 30 ppm Amaranth dye solution. At regular interval of time, aliquots were 

taken and the absorbance of the solution was recorded using UV-Visible spectrophotometer at 

520 nm. The obtained experimental data was fitted using different adsorption kinetic models 

such as pseudo first order, pseudo second order, Elovich model and intraparticle diffusion 

model. The mathematical equations of all the above-mentioned isotherm models and 

adsorption kinetic models is already presented in Table 2.1 and Table 2.2 respectively in  

section 2.4.4 of Chapter 2 and hence are not repeated here. The obtained results are discussed 

in detail in section 3.4 

3.4 RESULT AND DISCUSSION 

3.4.1 Characterization of synthesized Ni1-xO catalysts 

The effect of para-nitrobenzoate (4-nba) ligation with Ni2+ on the phase purity, morphology, 

particle size and the surface area of Ni1-xO has been investigated using different 

characterization techniques. These results are discussed in detail in this section. 

  Effect of p-nitrobenzoate ligation with Ni2+ on properties of Ni1-xO catalyst. 

 

Figure 3.6: (a) TG-DTA and (b) IR analysis of compounds I and II  
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Figure 3.6 (a) represents the TG-DTA analysis of [Ni(H2O)6](4-nba)2.2H2O and [Ni(H2O)4(4-

nba)2].2H2O.The initial weight loss in both the precursors was due to loss of coordinated and 

uncoordinated water molecules. The second major weight loss up to 400 °C is due to the 

exothermic decomposition of para-nitrobenzoate ligand. At temperature beyond 400°C, no 

significant weight loss is observed which indicates formation of stable phase of Ni1-xO. To 

further confirm this observation IR analysis was carried out. Figure 3.6 (b) shows the IR spectra 

of compound I and II illustrating a characteristic broad band of O-H stretching vibrations in 

the region 3600–2800 cm-1. Similarly, the characteristics vibration bands were obtained for 

carbonyl (~1570) and nitro group (~1360) in both the compounds which is in good agreement 

with the literature reports [6]. However, the exact binding modes of the carboxylate ligand to 

the nickel cannot be confirmed through single infrared spectrum. Upon calcination of samples 

in air, no characteristic peaks of organic moiety were observed which confirmed the complete 

removal of organic components. The synthesized Ni1-xO was further characterized for its phase 

purity using powdered X-ray diffraction study.  

 

 

Figure 3.7: (a) XRD and (b) UV-DRS spectra of N1 and N2 

Figure 3.7 (a) represents the powder X-ray diffraction pattern of synthesized Ni1-xO. Both the 

diffractograms showed characteristic peaks at  2θ values of 37.28°, 43.23°, 63.20°, 76.60°, 

79.22° corresponding to the plane 111, 200, 220, 311 and 222 which confirmed the cubic phase 

formation of Ni1-xO and this is in good agreement with the JCPDS data 78-0429 [7,8]. 

Furthermore, the effect of 4-nba coordination to nickel on band gap of Ni1-xO was analyzed 
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using UV-DRS analysis. Figure 3.7 (b) shows the UV-DRS plots of N1 and N2. The band gap 

was calculated to be 3.33 eV for N1 and 3.30 eV for N2 which indicates no significant change 

in the band gap of synthesized Ni1-xO. Furthermore the effect of 4-nba coordinated to nickel 

on morphology of Ni1-xO was determined using FESEM analysis. 

 

Figure 3.8 represents the FESEM images of calcined Ni1-xO (N1 and N2). N1 showed mixed 

aggregates of flake-like and aggregates of spherical particles whereas N2 showed a fully grown 

nanosponge like morphology. The difference in the morphology could be due to the greater 

degree of charge stabilization because of direct coordination of 4-nba with Ni2+ and hydrogen 

bonding in case of compound II as compared to compound I wherein 4-nba is outside the 

coordination sphere. To get more insight into the particle size distribution and surface planes, 

HRTEM and SAED analysis were carried out. Figure 3.9 represents the HRTEM micrographs 

along with particle size distribution histogram which was built up by analyzing approx.100 

particles using Image J software. The average particle size obtained is 19.6 nm for N1 and 13.8 

nm for N2. The d-spacing value of 0.21 nm was obtained using HRTEM micrographs (Figure 

3.9 a and b inset), corresponding to (200) plane of Ni1-xO. 

 

 

Figure 3.8: Morphological analysis of N1 and N2 using FESEM. 
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Figure 3.9: (a, b) HRTEM, (c, d) particle size distribution and (e, f) SAED analysis of 

N1 and N2 respectively. 

The surface area of nanosponge-like Ni1-xO is further investigated using BET N2 adsorption–

desorption isotherm experiments and BJH pore analysis method. As evident from Figure 3.10 

both N1 and N2 showed type IV isotherms with H1-type hysteresis loop. At low relative 

pressure i.e. the initial part of isotherm represents monolayer-multilayer adsorption followed 

by capillary condensation/pore-filling mechanism. Ni1-xO obtained from compound I (with 

uncoordinated 4-nba) has a relatively lower surface area of 46.2 m2.g-1 with largely 

microporous and mixture of micro-mesoporous (pore size = 5.67 nm, pore volume = 0.082 

cc.g-1) structure, due to the particle aggregates. 
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Figure 3.10: N2 adsorption-desorption and the pore size distribution in N1 and N2. 

However, Ni1-xO obtained from compound II, which showed fibrous sponge-like structure in 

FESEM, exhibited greater degree of mesoporous network with relatively larger average pore 

diameter of 14.3 nm and greater pore volume of 0.113 cc.g-1, leading to higher surface area of 

63.7 m2.g-1. Therefore, the BET results are in good agreement with FESEM and TEM results.  

The probable decomposition process of compound II for the formation of fibrous mesoporous 

Ni1-xO nanosponge occurs via reactions R1 & R2 as follows: 

 

 

 

The formation of a mesoporous, fibrous sponge-like structure in N2 can be attributed to the 

role of 4-nba ligand which is in direct coordination with Ni2+ in compound II. The compound 

[Ni(H2O)4(4-nba)2].2H2O is isostructural with [Mn(H2O)4(4-nba)2].2H2O as reported by 

Kristiansson et al. [9], in which 4-nba coordinates to Ni2+ in a monodentate trans mode. The 

interplanar distance of aromatic rings in this compound indicates aromatic g-g stacking 

interactions suggesting a non-bonded crystal organization. The repeating units are assembled 

into hydrophobic and hydrophilic domains wherein the aromatic stacking into columns 

constitute the hydrophobic part and act as separators across the alternating planes. These 

spacers separate each coordinating unit from the other, while the extensive array of hydrogen 

bonds due to the coordinated water molecules acts as a ‘‘glue’’ to hold together [Ni(4-nba)2] 

units [9,10]. Therefore, such a structural arrangement is probably suitable for generating 

porous structure. Upon calcination in air at temperature 400 °C, exothermic decomposition of 

[Ni(H2O)4(4-nba)2].2H2O Ni(4-nba)2] + 6H2O---(R1)

[Ni(4-nba)2] Ni1-xO (nanosponge) + mCO2 +  nNOx---(R2)



 

103 
 

 CHAPTER III                                                                                                                 NAIK 2022 

coordinated 4-nba into CO, CO2 and NOx gases induces differential porosity into the growing 

Ni1-xO structure. This exothermic heat produced during 4-nba ligand decomposition process is 

possibly utilized to fuse Ni1-xO particles into fiber-like structures, which grow in three 

dimensions forming a highly porous, nanosponge-like network. Thus a fibrous and porous, 

spongy Ni1-xO is obtained upon calcination of compound II at 400 °C. 

 

 Effect of imidazole ligation with Ni2+ on properties of Ni1-xO. 

In the next synthesis scheme the effect of imidazole ligation on properties of Ni1-xO 

investigated. Figure 3.11 (a) represents the TG-DTA curve for [Ni(H2O)2(Im)2(4-nba)2] and 

[Ni(Im)6](4-nba)2.2H2O. The decomposition induced weight loss pattern observed for both the 

compounds are in accordance with the literature reports [11,12].  All the compounds show 

typical weight losses due to i) loss of water molecules (coordinated and uncoordinated) 

followed by thermal decomposition of ligands. The probable global decomposition reactions 

are represented by R3-R4.  A striking difference between these thermal profiles is that the 

imidazole ligand decomposition follows a gradual weight loss compared to the rapid fall-off 

observed in case of 4-nba ligand coordinated to Ni2+, confirming that Ni2+ undergoes stronger 

chemical bonding with imidazole ligand and that the evolution of gas-phase products like COx 

and NOx is not as rapid as that of compounds I and II.  

 

Figure 3.11: (a) TG-DTA analysis and (b) IR spectra of III & IV respectively. 
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Moreover, the complete decomposition of the ligands coordinated to Ni2+ leading to the 

formation of Ni1-xO in the case of compound III and IV occurs over a larger temperature range 

of 200-400oC compared to rapid, lower decomposition temperature span of 364-386oC in case 

of compound I and II. The formation of stable Ni1-xO is indicated by the plateau parallel to 

the x-axis observed in all thermograms. 

 

 

The IR analysis of the as-synthesized Ni compounds III and IV (see Figure 3.11 (b)) depicted 

a characteristic O-H and N-H stretching vibrations at 3300-3550 cm-1 and 3148-3152 cm-1. 

The obtained values for characteristics vibration bands of carboxylate and nitro groups for 

compounds III and IV are in line with the literature reports [6]. Furthermore, no characteristic 

peaks of organic moiety were observed upon calcination in air, this confirms the complete 

removal of ligands from the final oxide. 

 

Figure 3.12: (a) XRD and (b) UV-DRS of N3 & N4.  

The phase formation of all the Ni1-xO catalysts were analyzed using powder X-ray diffraction 

studies. All the diffraction patterns of the calcined Ni1-xO showed cubic phase formation with 

characteristic peaks observed at 2θ values of 37.28°, 43.23°, 63.20°, 76.60°, 79.22° 

[Ni(H2O)2(Im)2(4-nba)2] [Ni(Im)2(4-nba)2] + 2H2O Ni1-xO  + mCOx + nNOx---(R3)

[Ni(Im)6](4-nba)2.2H2O [Ni(Im)6](4-nba)2 + 2H2O Ni1-xO  + mCOx + nNOx---(R4)

(N4)

(N3)



 

105 
 

 CHAPTER III                                                                                                                 NAIK 2022 

corresponding to the plane 111, 200, 220, 311 and 222 (see Figure 3.12 (a)) which is in good 

agreement with the JCPDS file data 78-0429 [13]. Since, six imidazoles coordinate to Ni2+ via 

one N-atom each, the possibility of N-doping in Ni1-xO could result in a lowering of the band 

gap. Therefore, UV-diffuse reflectance spectroscopic analysis was carried out. The optical 

band gap energy was calculated using formula Eg=1239.8/λ wherein Eg is the band gap (eV) 

and λ (nm) is the absorption edge wavelength. The calculated band energy values are as 

follows: N3 (3.33 eV) and N4 (3.35 eV) which are very much similar within the error limit of 

±0.05 eV, as depicted in Figure 3.12 (b). As evident from the results, the replacement of 

imidazole by 4-nba ligand does not influence the band gap energy of the synthesized Ni1-xO. 

Therefore, the possibility of N-doping in Ni1-xO due to N-Ni coordination in compound III and 

IV does not seem likely at this stage. Furthermore, the influence of imidazole 

 

Figure 3.13: FESEM analysis of N3 and N4. 
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Figure 3.14: (a, b) HRTEM analysis, (c, d) particle size distribution, (e, f) SAED of N3 

and N4 respectively. 

and its combination with 4-nba coordinated to Ni2+ on morphology of Ni1-xO was determined 

using FESEM analysis. Figure 3.13 represents the FESEM images of calcined Ni1-xO obtained 

from compound III and IV respectively. The N3 shows sintered sheet-like aggregates while 

N4 showed nanoflakes- like morphology. Furthermore, the particle size of the synthesized    

Ni1-xO catalysts was determined using low-resolution TEM images (Figure 3.14 (a) and (b)). 

The d- spacing of lattice fringes (0.21 nm) which corresponds to the dominant (200) plane was 

obtained from the HRTEM images (see inset of Figure 3.14 (a) and (b)) for N3, and N4 

respectively. The particle size distribution histogram (Figure 3.14 (c) and (d)) was built by 

analyzing approximately 100 particles using Image J software. The average particle diameter 

of 24.8 and 27.3 (±2) nm was obtained for N3 and N4 respectively.  
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The corresponding selected area electron diffraction (SAED) pattern indicates the 

polycrystalline nature of all the synthesized Ni1-xO (Figure 3.14 (e) and (f)). The observed 

diffraction rings can be indexed to (111), (200), (220), (311) and (222) diffractions of cubic 

Ni1-xO. Furthermore, surface area and pore size distribution analysis were conducted and these 

results are discussed in detail in the next section. 

 

Figure 3.15: BET surface area analysis of (a) N3 and (b) N4. 

The porosity analysis of all the calcined Ni1-xO was carried out using N2-adsorption-desorption 

isotherm studies and BJH porosity analysis. As evident from Figure 3.15 (a and b) all the 

synthesized Ni1-xO catalysts showed type IV isotherms with H1 type hysteresis loop [14]. 

Initially, there is monolayer-multilayer adsorption at lower pressure followed by capillary 

condensation/pore-filling mechanism. The lowest surface area was obtained for N4 (8.53 m2.g-

1) and highest was 15.89 m2.g-1 in the case of N3. However, in the entire series the maximum 

surface area obtained was of 63.7 m2.g-1 recorded in the case of N2. The BJH porosity analysis 

confirms that N3 (pore size = 1.5 nm, pore volume = 0.026 cc.g-1) and N4 (pore size = 1.9 nm, 

pore volume = 0.013 cc.g-1) exhibit interparticle microporosity while mesoporous nature with 

a large pore volume of 0.113 cc.g-1 is observed in the case of N2. Comparing the HRTEM and 

BET studies of all the Ni1-xO, it can be concluded that, N2 has lowest particle size with 

maximum surface area. The rapid evolution of gas-phase products such as COx and NOx is the 

major reason for the induction of porosity in N2 [12,15]. Such a difference in the 

decomposition behavior could be attributed to different strength of hydrophobic and 
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hydrophilic domains coordinated to the Ni2+ ions, π- π stacking interaction of aromatic rings 

and modes of secondary interaction in terms of strength of H-bonding. The hydrated 4-nba 

compound (III) exhibits extensive O-H∙∙∙O interactions due to the presence of electronegative 

oxygen groups, while imidazole coordinated compound IV involves H-bonding interaction 

such as C-H∙∙∙O and N-H∙∙∙O within the coordination sphere. [9,11,16,17]. Furthermore, the N-

atoms attached to Ni2+ does not support internal oxidation as efficiently as that of O-atoms 

attached to Ni2+ in compound III. Thus, higher combustion temperatures are needed to convert 

compound IV into Ni1-xO which results in greater sintering of particles, possibly supporting 

the growth of nanoflakes-like morphology. The compound III follows a mixed pattern of 

decomposition behavior compared to I and II and hence has partial porosity as well as a 

sintered sheet-like agglomerates as seen in FESEM of N3. Furthermore, to prove the effect of 

ligation on the structural and morphological properties of Ni1-xO, we synthesized pristine Ni1-

xO (labeled as PN) from decomposition of Ni(OH)2 and subsequently by the decomposition of 

Ni(OH)2 and urea mixture (labeled as NU), the results of which are presented in the next 

section. 

 Effect of urea as a structure directing agent on properties of Ni1-xO.  

The synthesized Ni(OH)2 and Ni(OH)2 -urea precursors were analyzed using TG-DTA 

analysis. Figure 3.16 (a-b) shows TG-DTA plots for Ni(OH)2 and Ni(OH)2 modified with urea. 

The initial weight loss in both Ni(OH)2 and Ni(OH)2 -urea precursor was attributed to the loss 

of physically adsorbed water. The second major weight loss is due to the loss of organic moiety 

present in the precipitate in case of Ni(OH)2 modified with urea. Significantly lower initial 

decomposition temperature is observed in case of Ni(OH)2-urea precursors (279oC) compared 

to Ni(OH)2 precursor (378oC). On further heating, there was no significant change in weight 

beyond 400°C which confirms the formation of stable metal oxide.  To further confirm this, 

IR analysis was carried out which exhibit characteristic peaks of OH  
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Figure 3.16:  (a, b) TG-DTA and (c) IR analysis of Ni(OH)2, Ni(OH)2 with urea and    

Ni1-xO after calcination at 400 °C. 

stretching vibration and Ni-O stretching vibrations in the calcined sample as seen in Figure 

3.16 (c). Furthermore, the phase purity of all the Ni1-xO was analyzed using powder X-ray 

diffraction studies. All the diffraction patterns of the calcined Ni1-xO showed cubic phase 

formation with characteristic peaks observed at 2θ values of 37.28°, 43.23°, 63.20°, 76.60°, 

79.22° corresponding to the plane 111, 200, 220, 311 and 222 plane (see Figure 3.17 (a)) which 

is in good agreement with the JCPDS file data 78-0429 [13].  The UV-diffuse reflectance 

spectroscopic analysis was carried out. The optical band gap energy obtained is as follows: PN 

(3.41 eV) and NU (3.38 eV) ±0.05 eV, which are very much similar within the error limit, as 

depicted in Figure 3.17 (b). 
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Figure 3.17: (a) XRD and (b) UV-DRS spectra of PN and NU. 

The effect of urea on the morphology of the synthesized Ni1-xO was studied using FESEM 

analysis as presented in Figure 3.18. Figure shows the FESEM images of the PN and NU 

wherein heavy agglomeration of the particles was observed in both the cases. Furthermore, the 

particle size and surface planes were determined using HRTEM and SAED analysis. Figure 

3.19 (a) and (b) shows the low resolution TEM images of PN and NU. The particle size of PN 

and NU was analysed by measuring approximately 100 particles and plotting particle size 

distribution histogram. The particle size calculated is 37 nm and 34 nm ± 5 nm for N3 and N4 

respectively. The d-spacing of 0.21 nm which corresponds to 200 plane of Ni1-xO was 

determined from the HRTEM micrographs (as shown in the inset of Figure 3.19 (a) and (b)). 

The corresponding selected area electron diffraction (SAED) pattern indicates the 

polycrystalline nature of the synthesized Ni1-xO and observed diffraction rings are indexed to 

(111), (200), (220), (311) and (222) diffractions of cubic Ni1-xO which are in good agreement 

with the XRD analysis. 
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Figure 3.18:  Morphological analysis of PN and NU. 

 

Figure 3.19: (a-b) Low resolution TEM, (c-d) Particle size distribution, (e-f) SAED 

analysis of PN and NU respectively 
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Figure 3.20: N2 adsorption-desorption analysis of a) PN and b) NU respectively. 

 

Further, the porosity analysis of PN and NU was carried out using N2 adsorption-desorption 

analysis (Figure 3.20). The measured surface area of PN is 22.4 m2.g-1 and that of NU is 25.7 

m2.g-1 which are very similar, indicating not much effect of urea on particle morphology. 

 Effect of structure directing agents on non-stoichiometry of Ni1-xO 

Ni1-xO is known to adopt the rock salt structure with octahedral Ni2+ and O2- sites and is known 

to be highly non-stoichiometric in nature. The non-stoichiometric Ni1-xO is known to exhibit 

different properties such as conductivity, magnetism, chromism and catalytic activity which is 

very useful in electrochemical application. Therefore, the effect of 4-nba ligation on the non-

stoichiometric nature of Ni1-xO was investigated by determining the Ni3+ concentration by XPS 

analysis. Figure 3.21 (a), (d), (g) and Figure 3.22 (j), (m) and (p) shows the full scan spectra, 

of all the synthesized Ni1-xO. Figure 3.21 (b), (e)  (h)  and Figure 3.22 (k), (h) (q) shows the 

high-resolution (narrow scan) XPS spectra of Ni (2p) core level for N1, N2, N3, N4, PN and 

NU respectively.  

 

All XPS spectra illustrate distinct five peaks located at various binding energies and agrees 

well with literature reports [18,19]. A shoulder peak that represents the Ni (2p) core levels for 

Ni1-xO has been observed in all the samples. In order to precisely determine the shoulder peak 

features of Ni (2p3/2) and Ni (2p1/2), the XPS spectra were deconvoluted using Voigt peak 

fitting function. The peak fitting for the 8 peaks has been marked from a to h located at the 
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binding energies of 853.2 (± 0.2), 855.1 (± 0.2), 860.5 (± 0.2), 865.2 (± 0.2), 870.7 (± 0.2), 

872.2 (± 0.2), 877.1 (± 0.2) and 879.9 (± 0.2) eV, respectively. The peaks marked as a, b, e 

and f represents the core level Ni2+ (2p3/2), Ni3+ (2p3/2), Ni2+ (2p1/2) and Ni3+ (2p1/2), 

respectively. The shakeup satellite peaks of Ni2+ (2p3/2) and Ni3+ (2p3/2) are labeled as c and d, 

and the shakeup satellite peaks of Ni2+ (2p1/2) and Ni3+ (2p1/2) are labeled as g and h, 

respectively. 

Figure 3.21: XPS spectra of N4 (a-c), PN (d-f) and NU (g-i) 
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Figure 3.22: XPS spectra of N4 (j-l), PN (m-o) and NU (p-r) 

 

The presence of these peaks confirmed the formation of non-stoichiometric Ni1-xO [20]. Peak 

area integration revealed that the percentage of Ni3+ was lowest in the case of PN (36.5%) < 

NU (38.4%) < N1 (40.9 %) < N4 (41.1%) < N3 (41.6 %) < N2 (42.1 %) and is listed in Table 

3.1. Similarly, the O (1s) XPS spectra of different Ni1–xO samples were deconvoluted (see 

Figure 3.21 (c) (f) (i) and Figure 3.22 (l) (o) (r). The O (1s) spectra showed an ideal fit for two 

peaks located at binding energies of 528.9 (± 0.2) and 530.7 (± 0.2) eV. The higher intensity 

at lower binding energy peak observed at 528.9 eV represents the O (1s) core level of O2- 

anions associated with Ni–O chemical bonding, and the lower intensity at higher binding 

energy peak (530.7 eV) is representative of the presence of hydroxyl (–OH) groups and defect 
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sites on the Ni1–xO surface and is thus a measure of oxygen vacancies in Ni1–xO. The presence 

of oxygen vacancies in Ni1–xO is known to improve the donor density and surface properties 

of Ni1–xO. From the summarized peak area integration values in Table 3.1, confirms that 

without SDA obtained Ni1–xO has the lowest non-stoichiometry (Ni3+ = 36.5 %) while the 

coordination of 4-nba to Ni2+ induces highest non-stoichiometry (Ni3+ = 42.1 %) at the same 

calcination temperature. Moreover, N2 is found to contain greater percentage of oxygen 

vacancies than PN. Thus, the presence of ligands significantly alter the non-stoichiometry in 

Ni1–xO. Further, the influence of these morphological changes in synthesized Ni1–x on its 

catalytic properties was tested by performing adsorptive removal and photocatalytic 

degradation of Amaranth dye which is presented in the next section.  

 

Materials Narrow 

Scan 

Species Ni3+/Ni2+ 

(Ni1-xO 

Synthesized) 

XPS area 

integration (%) 

N1 Ni2p 
O1s 

Ni2+ 

Ni3+ 
Ni-O 

Surface hydroxyl 

0.69 59.1 

40.9 
48.9 

51.1 

N2 Ni2p 
O1s 

Ni2+ 

Ni3+ 
Ni-O 

Surface hydroxyl 

0.72 57.9 

42.1 
48.1 

51.9 

N3 Ni2p 
O1s 

Ni2+ 

Ni3+ 
Ni-O 

Surface hydroxyl 

0.71 58.3 

41.6 
55.4 

44.5 

N4 Ni2p 
O1s 

Ni2+ 

Ni3+ 
Ni-O 

Surface hydroxyl 

0.69 58.8 

41.1 
52.4 

47.5 

PN Ni2p 

O1s 
Ni2+ 

Ni3+ 
Ni-O 

Surface hydroxyl 

0.57 63.5 

36.5 
52.9 

47.1 

NU Ni2p 
O1s 

Ni2+ 

Ni3+ 
Ni-O 

Surface hydroxyl 

0.62 61.6 

38.4 
53.7 

46.3 

Table: 3.1: The percentage of species obtained from the XPS peak area integration of 

narrow scan spectra of Ni1-xO catalysts. 
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3.4.2 Adsorptive removal of Amaranth dye from water using Ni1-xO catalysts. 

The catalytic efficiency of all the synthesized Ni1-xO catalysts (N1, N2, N3, N4, PN and NU) 

were tested for adsorptive removal of Amaranth dye from waste water. The nature of 

interaction between the Amaranth dye (adsorbate) and Ni1-xO catalyst (adsorbent) was 

investigated using adsorption isotherm and adsorption kinetic studies.  

 Adsorption isotherm studies 

The detailed adsorption isotherm procedures is already given in section 3.3.4. The adsorption 

capacity at equilibrium (qe), and the Amaranth removal efficiency of each of the synthesized 

Ni1-xO catalyst was determined. The experimentally obtained adsorption equilibrium (qe), was 

fitted using non-linear forms of different adsorption isotherm models such as Langmuir, 

Freundlich, Sips and Temkin models [3]. All the equations of the respective isotherm models 

are given in section 2.4.4 of Chapter 2. The adsorption isotherm experiments were carried out 

using aqueous Amaranth dye solution at 298 K and pH = 5.6. Figure 3.23 represents the 

adsorption isotherm study for N1, N2, N3, N4, PN and NU. It is a plot of maximum adsorption 

capacity qe as a function of adsorbate concentration ce.  We observe that at lower initial 

concentration of Amaranth dye there is near linear increase in the maximum adsorption 

capacity which subsequently enters into an equilibrium at higher initial concentration of 

Amaranth dye. Among all the adsorption isotherms fitted, Sips adsorption isotherm model gave 

a best fitted with an R2 value > 0.96. The obtained adsorption capacity for the synthesized Ni1-

xO catalyst was in the order 61.7 mg.g−1, 75 mg.g−1, 53.3 mg.g−1, 34.8 mg.g−1, 39.9 mg.g−1 and 

41.6 mg.g−1 for N1, N2, N3, N4, PN and NU respectively (see Table 3.2). It is very clear from 

the obtained adsorption capacities values that the N2 has maximum adsorption capacity of 75 

mg.g−1 which is almost double the value of PN. The high adsorption capacity of Ni1−xO 

nanosponge could be attributed to its high surface area (63.67 m2.g-1), more number of surface 

active sites, and interconnected mesoporous nature (pore size=14.29 nm, pore volume=0.113 

cc.g-1) which allows easy diffusion of the Amaranth dye molecule throughout the nanosponge-

like structure, confirming that the mesoporous, spongy nature and high surface area of N2 

facilitates efficient dye diffusion and adsorption process. On the contrary, the low surface area 

and microporous nature in case of N3, N4, PN and NU, restricted the dye diffusion and 

adsorption process and hence resulted in lower adsorption capacities. Furthermore, the 
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adsorption kinetic study for the adsorption of Amaranth dye on the synthesized Ni1-xO 

nanostructures was carried out to understand the rate of uptake of the Amaranth dye on Ni1-xO 

catalyst. 

 

Isotherm  

models 

Parameters Materials 

N1 N2 N3 N4 PN NU 

Langmuir qm (mg.g-1) 70.2 87.4 59.17 36.2 50.9 52.3 

KL (L.mg-1) 0.101 0.070 0.104 0.407 0.031 0.051 

RL 0.08-

0.26 

0.12- 

0.35 

0.06-

0.22 

0.02-

0.07 

0.04-

0.07 

0.06-

0.12 

R2 0.83 0.83 0.88 0.71 0.93 0.82 

Freundlich KF (L.mg-1) 25.1 25.63 22.16 26.7 5.5 10.0 

1/n (mg.g-1) 0.207 0.244 0.197 0.061 0.426 0.325 

R2 0.64 0.64 0.68 0.41 0.83 0.64 

 Sips qm (mg.g-1) 61.7 75.0 53.3 34.8 39.9 41.6 

KS (L.mg-1) 0.091 0.077 0.096 0.130 0.046 0.063 

m 2.62 2.49 1.93 4.81 1.73 2.75 

R2 0.95 0.97 0.96 0.98 0.97 0.98 

Temkin β (mg.g-1) 206.1 145.2 254.7 1152.6 199.1 200.7 

KT (L.mg-1) 2.299 1.04 2.88 156584.6 0.2363 0.396 

R2 0.71 0.72 0.75 0.43 0.93 0.76 

 

Table 3.2: Parameters obtained from different adsorption isotherm models of 

Amaranth adsorption over Ni1-xO catalysts. 
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Figure 3.23: Amaranth dye adsorption isotherms profiles over Ni1-xO (N1, N2, N3, N4, 

PN and NU) catalysts. 
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Figure 3.24: Amaranth adsorption kinetics on Ni1-xO; a) Pseudo first order, b) Pseudo 

second order, c) Elovich model and d) Intra particle diffusion model 

 

 Adsorption kinetic studies 

The detailed experimental procedure for adsorption kinetic study has been explained in section 

3.3.4. The obtained experimental data has been fitted using different adsorption kinetic models 

pseudo-first-order (Figure 3.24 (a), pseudo-second-order (Figure 3.24 (b), Elovich model 

(Figure 3.24 (c) and intraparticle diffusion model (Figure 3.24 (d). 
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Models 

Parameters 

Materials 

N1 N2 N3   N4 PN     NU 

Pseudo-

first-order 

k
1
 (min

-1
) 0.175 0.187 0.168 0.105 0.137 0.156 

q
e,cal

 (mg.g
-1

) 63.9 66.8 35.3 26.5 29.7 31.6 

q
e,exp

 (mg.g
-1

) 67.5 69.2 36.5 27.6 31.5 34.2 

R
2
 0.98 0.98 0.98 0.98 0.97 0.98 

Pseudo-

second-

order 

K
2
 (g.mg

-1
. min

-1
) 3.62 

× 10
-3

 

3.52 

× 10
-3

 

6.39  

× 10
-3

 

3.69 

× 10
-3

 

2.96 

× 10
-3

 

2.42 

× 10
-3

 

q
e,cal

 (mg.g
-1

) 71.0 74.0 39.2 31.6 35.4 38.6 

R
2
 0.96 0.96 0.98 0.96 0.98 0.99 

Elovich B (g.mg
-1

) 59.1 67.5 34.8 7.7 7.3 84.8 

k
E
 (mg.g

-1
.min) 0.080 0.078 0.149 0.141 0.363 0.406 

R
2
 0.90 0.91 0.95 0.93 0.95 0.98 

Intrapartic

le diffusion 
k

ID 
(S1)(mg.g

-1
.  

 min
-1/2

) 

17.23 18.74 8.68 5.76 2.52 3.19 

C(S1) (mg.g
-1

) 59.54 1.75 0.66 1.81 0.75 3.69 

R
2
 (S1) 0.93 0.98 0.98 0.93 0.94 0.85 

k
ID 

(S2) (mg.g
-1

.  

min
-1/2

) 

0.62 0.45 0.33 0.07 0.14 0.21 

C(S2) (mg.g
-1

) 1.69 63.3 33.12 25.42 13.89 16.35 

R
2
 (S2) 0.71 0.46 0.14 0.17 0.57 0.72 

 

Table 3.3: Parameters obtained from adsorption kinetic analysis. 

 

It was observed that for all the synthesized Ni1−xO catalyst, the rate of adsorption was much 

higher at the beginning of the process which became comparatively slower proceeding towards 

the equilibrium adsorption [21]. Based on the values of the correlation coefficient i.e. R2, it 

was decided that the adsorption of Amaranth dye on all the catalysts followed pseudo-first-

order kinetics which suggested that the dye molecule is attached to the adsorption sites through 

physical adsorption. However, the R2 values for the pseudo-second-order rate kinetics were 

also found to be reasonably high which indicates that the dye molecule attaches the Ni1−xO 

nanostructures via chemical interaction i.e. chemisorption as well which involves electrons 

sharing or exchange through different valence forces between the dye molecule and the catalyst 

surface [22,23]. Therefore, it is concluded that the Amaranth dye adsorption on all the Ni1−xO 
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nanostructures includes the combination of both the processes i.e. physical adsorption as well 

as chemisorption [21]. The rate constant determined using pseudo-first order as well as pseudo-

second-order rate equations followed the order N2 > N1 > N3 > NU > PN > N4 (see Table 3.3) 

which signifies the importance of mesoporous nature and nanosponge-like morphology of 

Ni1−xO for improved adsorptive separation of dye. To understand the diffusion mechanism of 

the dye molecule over nanostructured Ni1−xO, the intraparticle diffusion model was tested. The 

experimental adsorption kinetics data was further fitted using the linear form of the 

intraparticle diffusion model (Figure 3.24 (d)) and the corresponding parameters calculated 

using this model are summarized in Table 3.3. It was observed that the plot showed multi-

linearity indicating the adsorption process taking place in two or more steps. It was observed 

that the fits of intraparticle diffusion model did not pass through the origin and had slopes 

which ruled-out the possibilities of the applicability of intraparticle diffusion model alone and 

predicted that the dye diffusion mechanism was not completely controlled by a single 

mechanism but it was a combination of two or more mechanisms [1]. The plots of intra-particle 

diffusion model showed two regions S1 and S2 and the value of the slope of region S1 is quite 

higher than the slope of region S2, which suggested that the contribution of the step involving 

the transfer of dye molecules from the bulk solution to the internal pores is quite significant. 

Further, the value of the slope of region S1 also followed the order N2 > N1 > N3 > N4 > NU 

> PN (Table 3.3) which suggested that the dye uptake increased with the increasing ordered 

porosity. The maximum adsorption capacity was obtained for Ni1−xO nanosponge (N2) which 

is attributed to its high surface area and mesoporous nature. Further, the photocatalytic 

performance of all the synthesized Ni1−xO catalyst was investigated for degradation of 

Amaranth dye. 

 

3.4.3: Photocatalytic degradation of Amaranth dye using Ni1-xO catalysts. 

Similar to the procedure adopted in case of TiO2, the optimum concentration of Ni1-xO catalyst 

required for photocatalytic degradation of Amaranth dye was evaluated by varying the amount 

of catalyst in the photocatalytic reaction while maintaining the dye concentration constant. The 

amount of Ni1-xO catalyst (N2) taken was 25, 50, 75, 100, 125 and 150 mg. Maximum 

photocatalytic degradation of  93.8 % was obtained using 100 mg Ni1-xO catalyst  



 

122 
 

 CHAPTER III                                                                                                                 NAIK 2022 

 

Figure 3.25: (a) Kinetic profiles, (b) Linear fit ln[Amaranth]o/[Amaranth]t as a function 

of time for Amaranth dye degradation using Ni1-xO catalysts. 

in 70 minutes. This optimized amount was used to carry out the photocatalytic degradation of 

Amaranth dye using rest of the synthesized Ni1-xO catalyst. The photocatalytic degradation of 

Amaranth dye on synthesized nanostructured Ni1-xO was carried out by irradiating an aqueous 

reaction mixture of dye and catalyst using 250 Watt medium pressure Hg immersion lamp and 

compared its activity with a control experiment wherein only dye was irradiated. Figure 3.25 

represents the results of the experiment wherein it is observed that only 5 % of initial Amaranth 

dye concentration decreases without any catalyst. On the contrary, a significant decrease in the 

concentration of dye was observed in the presence of a synthesized nanostructured Ni1-xO 

catalyst. Among all the Ni1-xO catalyst, N2 exhibited maximum degradation efficiency of 93.8 

% within 70 mins which is significantly higher as compared to N1 (84.8 %), N3 (78 %), N4 

(61.6 %), PN (69.3%) and NU (72.6 %). The photocatalytic degradation of Amaranth dye 

followed the pseudo-first-order kinetic model which is defined by the equation ln 

[Amaranth]0/[Amaranth]t = kapp t. The plot of ln[Amaranth]0/[Amaranth]t (see Figure 3.25 (b) 

gave a straight line fit (R2 = 0.97 ) and from the slope of which the apparent rate constant (kapp) 

of 4.04 × 10-2 min-1 was obtained. As evident from Table 3.4, the kapp for N2 is almost double 

as compared to N1, signifying that the enhanced adsorption efficiency over N2 is further 

assisted by photocatalytically generated charge carriers/ reactive surface species which 

degrade the adsorbed dye at a much faster rate and improved the photocatalytic efficiency.  



 

123 
 

 CHAPTER III                                                                                                                 NAIK 2022 

Catalyst Surface 

Area 

m2.g-1 

Band 

Gap 

(eV) 

% 

Degradation 

(70 min) 

k degd x 10 -2 

(min -1) 

Adsorption 

capacity, qmax  

(mg.g-1 ) 

Blank -- -- 5.0 0.05 --- 

N1 46.1 3.33 84.8 2.45 61.7 

N2 63.6 3.30 93.8 4.04 75.0 

N3 15.8 3.33 78.0 2.15 53.3 

N4 8.53 3.35 61.6 1.42 34.8 

PN 22.4 3.41 69.3 1.84 39.9 

NU 25.7 3.38 72.6 1.95 41.6 

 

Table 3.4: Comparative analysis of the Amaranth degradation efficiency, photocatalytic 

rate constant, bandgap energies and surface area of synthesized N1, N2, N3, N4, PN and 

NU catalysts. 

A comparative data on the literature reported photocatalytic Amaranth dye degradation 

efficiency of several catalysts is listed in Table 3.5. It is evident that the Ni1-xO nanosponge 

(N2) outperforms other synthesized Ni1-xO catalyst and reported transition metal oxide 

catalysts such as N-WO3 [24], N-ZrO2 [25] and ZnO [26,27]. This is attributed to i) spongy 

nature of Ni1-xO which facilitates facile diffusion and adsorption of dye on to the Ni1-xO surface 

and ii) the extensive network of structurally robust, mesoporous structure which facilitates 

migration of charge carriers, which in turn reduces charge carrier recombination rate and 

enhances photocatalytic activity [28]. This signifies the importance of the structurally robust 

mesoporous networks in enhancing photocatalytic degradation activity in agreement with our 

observations of TiO2 presented in Chapter 2. 
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Table 3.5 Comparison of Amaranth degradation efficiency of Ni1-xO with respect to 

literature reported catalysts. 

Moreover, the regeneration activity studies were conducted with N1, N2, N3, N4, PN and NU 

by reutilizing the recovered catalyst. It was observed from Figure 3.26 that N2 exhibited the 

highest regeneration activity over 5 catalytic cycles as compared to other synthesized Ni1-xO 

catalyst. This was attributed to reduced charge carrier recombination rates due to ease of charge 

carrier migration along the walls of mesoporous structure [12], possibly improving photo 

corrosion stability of Ni1-xO. It is to be noted that, the photocatalytic performance of fibrous 

Ni1-xO nanosponge is relatively lower compared to the mesoporous TiO2 reported in Chapter 

2, which is largely due to its limited surface area (63.67 m2.g-1) compared to TiO2  

 

Catalyst Initial dye 

concentration 

Light source Reaction 

time (min) 

% 

Degradation 

N,S-doped TiO2 

[27] 

3.90 x 10 -5 M 200 W tungsten lamp 90 59.3 

TiO2 [28] 84µmol.L-1 125 W 60 

 

75 

 

TiO2 [29] 30 ppm Solar light 90 99.1 

N-WO3 [24] 25 mg.L-1 160 W 

Visible and UVA light 

120 100 

ZnO [26] 

  

20 ppm  250 W  

Hg medium pressure lamp 

120 100 

N-ZrO2 [25] 10 ppm Fluorescent lamp (visible) 24 

W and Low pressure Hg lamp 

(UV) of 15 W 

120 

 

240 

26.4 

 

84.5 

ZnO [27] 4.4 x 10 -5 M 200 W tungsten lamp 300 92.5 

Porous TiO2 

(This work) 

30 ppm 250 W Hg Medium pressure 

lamp 

15 95.6 

Ni1-xO  

nanosponge (N2) 

(This work) 

30 ppm 250 W Hg Medium pressure 

Lamp 

70  93.8 
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Figure 3.26: Catalyst regeneration study of all the synthesized Ni1-xO catalysts. 

(238 m2.g-1). Furthermore, the difference in photocatalytic performance could also be a result 

of the type of the reactive species generated over the catalyst surface and their efficiency in 

inducing the dye oxidation process [12]. All the above findings confirm that the fibrous, 

mesoporous Ni1-xO nanosponge with an interconnected robust porous network, has significant 

advantages in terms of its superior adsorptive separation efficiency, as well as its enhanced in-

situ photocatalytic dye degradation activity. Nonetheless, further improvements in its effective 

surface area while retaining the robust mesoporous structure and reduction in bandgap energies 

will be needed for achieving the development of self-sustainable, economical and highly active 

photocatalytic material for efficient treatment of wastewater contaminated with azo dyes.  

 

3.5 Conclusion 

The study has demonstrated the effective use of 4-nba, and imidazole in synthesizing 

nanostructural morphology of Ni1-xO such as nanosponge and nanoflakes by utilizing simple 

direct calcination method. The obtained Ni1-xO powders were studied for phase purity, 

morphology, particle size, band structure and redox states using FTIR, XRD, FESEM, 

TEM/HRTEM, SAED, UV-DRS, and XPS analysis. The powder X-ray diffraction study 

revealed a pure cubic phase of Ni1-xO. The bandgap of the synthesized Ni1-xO was within the 

range of 3.3 to 3.5 eV. A sponge-like Ni1-xO with 3D interconnected porous network was 

obtained by controlled combustion of [Ni(H2O)4(4-nba)2].2H2O compound. The effect of 4-
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nba in Ni1-xO synthesis  from tetra-aquobis(para-nitrobenzoato)nickel(II) dihydrate resulted in 

nanosponge like morphology with  highest surface area of 63.67 m2.g-1 as compared to other 

synthesized Ni1-xO catalyst. Furthermore, the Amaranth dye adsorption studies on all 

synthesized Ni1-xO followed the Sip adsorption isotherm model with a maximum adsorption 

capacity of 75 mg.g-1. The adsorption kinetic followed the pseudo-first-order kinetic model for 

all the synthesized Ni1-xO. The photocatalytic degradation of Amaranth dye followed 

Langmuir Hinshelwood mechanism and exhibited the highest degradation of 93.8 % within 70 

minutes with a maximum rate constant of 4.04 × 10-2 min-1 (at pH = 5.6). The results of stability 

analysis also proved that the nanosponge-like porous structure facilitated easy migration of 

charge carriers thus partially improving catalyst stability. 
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4.1 PROLOGUE 

The nanoporous Ni1-xO/TiO2 catalysts have been synthesized using reflux assisted sol-gel 

method. The influence of addition of [Ni(H2O)4(4-nba)2].2H2O in Ti(OH)4 gel modified with 

butanetetracarboxylic acid and urea as SDA’s has been investigated. The details of chemicals 

used in synthesis have already been discussed in section 2.2 and 3.2 of Chapter 2 and Chapter 

3. The effect of different amount of [Ni(H2O)4(4-nba)2].2H2O in Ti(OH)4 gel modified with 

butanetetracarboxylic acids and urea as SDAs on porosity and morphology of Ni1-xO/TiO2  

has been investigated and the detailed characterization is discussed in section 4.3. Finally, the 

catalytic efficiency of all the synthesized Ni1-xO/TiO2 catalysts were evaluated for adsorption 

and photocatalytic degradation of Amaranth dye. The novel findings of this investigation are 

presented in detail in the result and discussion section 4.3 along with conclusion of this study 

in section 4.5. 

 

4.2 EXPERIMENTAL: SYNTHESES STRATEGY AND PROCEDURES  

4.2.1 Synthesis of Ni1-xO/TiO2 nanocomposites  

The Ti(OH)4 gel with butanetetracarboxylic acid and urea was synthesized as reported in 

Chapter II, section 2.4.3. Subsequently crystals of [Ni(H2O)4(4-nba)2].2H2O were 

synthesized as reported in section 3.3.1. In this chapter Ni1-xO/TiO2 nanocomposites have 

been synthesized following a protocol as depicted in Figure 4.1. To a synthesized  Ti(OH)4 

gel containing butanetetracarboxylic acid – urea mixture, a predetermined amount of 

[Ni(H2O)4(4-nba)2].2H2O was added such that the final weight % of Ni1-xO is  1, 3, 5, 10, 20 

and 50 wt.% in Ni1-xO/TiO2 composite catalyst. The hybrid gel mixture containing Ti(OH)4 , 

butanetetracarboxylic acid, urea and [Ni(H2O)4(4-nba)2].2H2O was then refluxed  at 80 °C 

for 24 hours. After reflux, it was then kept for digestion at 100 °C and the obtained dried gel 

was calcined at 500 °C to form Ni1-xO/TiO2 nanocomposite catalyst. 
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Figure 4.1: Schematic representation of Ni1-xO/TiO2 catalyst synthesis protocol using 

reflux assisted sol-gel method. 

 

4.2.2 Protocol of adsorption isotherm and kinetic experiments. 

In a typical adsorption experiment, the pre-activated Ni1-xO/TiO2 catalyst (0.3 g) was 

dispersed in 1L Amaranth dye solution of varied concentrations from 10 to 110 ppm. The 

solution was kept on a shaker for 24 hours at room temperature. The absorbance of each of 

the solution was recorded at 520 nm using UV-Visible spectrophotometer. The adsorption 

capacity at equilibrium (qe), and the Amaranth removal efficiency of each of the Ni1-xO 

catalyst was determined using the standard adsorption isotherm models. [1,2] The graph of qe 

as a function of initial concentration of Amaranth dye was fitted using non-linear forms of 

different adsorption isotherm models such as Langmuir, Freundlich, Sips and Temkin models 

[3–5].  

Similarly, the adsorption kinetic experiments were performed to know the reaction rate and 

the adsorption mechanism. In a typical experiment 0.3 g of each of the Ni1-xO/TiO2 catalysts 

were dispersed in 1L of 30 ppm Amaranth dye solution. At regular interval of time, aliquots 

were taken and the absorbance of the solution was recorded using UV-Visible 

spectrophotometer at 520 nm. The obtained experimental data was fitted using different 

adsorption kinetic models such as pseudo first order, pseudo second order, Elovich model 

and intraparticle diffusion model. The mathematical equations of all the above-mentioned 

isotherm models and adsorption kinetic models is already presented in Table 2.1 and Table 

2.2 respectively in  section 2.4.4 of Chapter 2 and hence are not repeated here. The obtained 

results are discussed in detail in section 4.3. 
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4.2.3 Protocol of photocatalytic degradation studies. 

The photocatalytic performance of all the synthesized TiO2 were evaluated for Amaranth dye 

degradation study. 100 mg of the pre-activated TiO2 catalyst was dispersed in 300 mL (30 

ppm) dye solution and the mixture was transferred in a photocatalytic reactor. The solution 

was then irradiated with 250 watt MPMVL for 60 minutes at room temperature. The reaction 

was monitored by sampling the solution after every five minutes and recording its 

absorbance using UV-Visible spectrophometer at 520 nm as presented in Figure 4.15. The 

obtained results are discussed in section 4.3.3.   

  

4.2.4 Protocol of LCMS identification of Amaranth dye degradation products. 

The initial analysis of the photodegradation products of Amaranth were carried out using LC-

ESI-MS (Agilent 6520) instrument. The HPLC analysis (Agilent 1200) was performed using 

a Phenomenex Kinetex XB C18 column (length 30 mm, internal diameter 3.0 mm). Impurity 

profiling of the Amaranth stock solution was performed using the LC-ESI-MS and UPLC-

ESI-MS techniques (Acquity SDS mass spectrometer from Waters). The eluent gradient 

conditions used for the separation are listed in Table 4.1. The mass parameters were 

optimized using a dual spray (ESI) with positive/negative polarity operated under the full 

scan mode with a gas temperature of 350 °C and a flow rate of 10 L min-1.  

Time (min) *A (%) *B (%) 

0 90 10 

2 90 10 

9 10 90 

11 10 90 

13 90 10 

15 90 10 

*A = H2O, 0.1% formic acid + 5% acetonitrile; *B = Acetonitrile, 0.1 % formic acid, 

Constant flow rate = 1mL/min 

 

Table 4.1: Optimized eluent gradient conditions for HPLC separation. 
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4.3 RESULT AND DISCUSSION 

4.3.1 Characterization of Ni1-xO/TiO2 catalyst. 

The effect of urea, 1,2,3,4-butanetetracarboxylic acid and p-nitrobenzoate on the phase 

purity, morphology, particle size and the surface area of Ni1-xO/TiO2 nanocomposites has 

been investigated using different characterization techniques which are discussed in detail in 

the subsequent sections. 

 Effect of urea; 1,2,3,4-butanetetracarboxylic acid and nitrobenzoate hybrid gels 

on Ni1-xO/TiO2 catalyst 

The as-synthesized hybrid gel was initially subjected to TG-DTA analysis in the temperature 

range of 30-800°C at the heating rate of 10°C/min. From Figure 4.2 (a) it is observed that the 

initial weight loss up to 255°C is due to the loss of physisorbed and chemisorbed water from 

the gel matrix. The weight loss in temperature range from 255°C to 500°C was 

predominantly due to the elimination of loss of organic species. This is supported by the 

significant exothermic peak at 491°C. However, after 500°C no significant change in weight 

loss was observed which confirms that the calcination temperature is sufficient for the 

formation of stable metal oxide. The post calcined Ni1-xO/TiO2 were labeled as 1NT, 3NT, 

5NT, 10NT and 50 NT for 1, 3, 5, 10, 20 and 50 wt % of Ni1-xO on TiO2. The formed stable 

metal oxide and its phase purity has been determined using IR and XRD analysis.  

 

The IR analysis for the synthesized catalysts were carried out in the vibrational frequency 

range of 400 to 4000 cm-1 as can be observed from Figure 4.3 (a).The post-calcined metal 

oxide exhibited the characteristic peaks of OH-stretching at 3500 cm-1, OH-bending at 1650 

cm-1 and metal oxide stretching in the region 800-1000 cm-1 which confirms the complete 

removal of organic species from the nickel/titanium gel matrix. Furthermore, Figure 4.3 (b) 

shows the powder X-ray diffractograms of all the synthesized Ni1-xO/TiO2 nanocomposites in 

comparison to that of Ni1-xO and TiO2.  The observed diffraction peaks at 2θ = 25.2, 37.8, 

48.0, 53.9, 55.06, 62.7, 68.7 and 70.2 ° are assigned to (101), (004), (200), (105), (211), 

(205) (116) and (220) planes respectively. Thus, indicating only anatase phase of TiO2 in all 

the nanocomposites. However, no diffraction peaks for Ni1-xO was obtained for lower % 

loading of Ni1-xO on TiO2 i.e. 1NT, 3NT and 5 NT. 
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Figure 4.2: (a-e) TG-DTA analysis of titanium hydroxide hybrid gel with 

butanetetracarboxylic acid, urea and [Ni(H2O)4(4-nba)2].2H2O 

However, as we increase the concentration of Ni1-xO as in the case of 10 NT,  20NT and 50 

NT, we observe diffraction pattern at 2θ = 43.3° which corresponds to 200 plane of Ni1-xO. 

Moreover, no new peaks, were observed for this composites which indicates the formation of 

pure Ni1-xO/TiO2 nanocomposites. 
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Figure 4.3: (a) IR analysis (b) XRD and (c) UV-DRS analysis of Ni 1-xO/TiO2 

nanocomposites. 

 Further, the bandgap energy of the sample was determined using UV-DRS analysis. Figure 

4.3 (c) shows the diffuse reflectance spectra of all the synthesized Ni1-xO/TiO2 

nanocomposites. The calculated bandgap for TBTCU was 3.19 eV. As we load Ni1-xO on 

TiO2 the bandgap was observed to decrease to 3.10 and 2.90 eV for 1% and 3% Ni1-xO/TiO2 

nanocomposites. However, with further increase in the loading of Ni1-xO from 5% to 50 % 

the bandgap was observed to increase from 3.19 to 3.33 eV. 

The porosity of the Ni1-xO/TiO2 nanocomposites was determined using N2 adsorption-

desorption isotherm study. All the synthesized Ni1-xO/TiO2 exhibited type IV isotherm. The 

representative isotherm for 1NT, 3NT, 5NT, 10NT, 20NT and 50 NT are shown in the Figure 

 



 

137 
 

 CHAPTER IV                                                                                                NAIK 2022 

 

Figure 4.4: (a-e) N2 adsorption-desorption analysis of synthesized Ni1-xO/TiO2 

nanocomposites. 

4.4 (a-e). The surface area for the synthesized Ni1-xO/TiO2 nanocomposites are depicted in 

the Table 4.2 which are observed to be lower as compared to TBTCU. In addition to this, the 

pore size as well as pore volume were observed to decrease. This could be due to the 

occupancy of the TiO2 pores with that of Ni1-xO nanoparticles. 
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Table 4.2: Surface area, pore size and pore volume of Ni1-xO/TiO2 nanocomposites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5: SEM analyses of synthesized Ni1-xO/TiO2 nanocomposites. 

Catalyst 
Surface 

area (m2.g-1) 

Pore size 

(nm) 

Pore volume 

 (cc.g-1) 

TBTCU 238 4.80 0.84 

N2 63 14.20 0.113 

1NT 231 3.89 0.588 

3NT 219 2.80 0.535 

5NT 183 2.80 0.384 

10NT 134 2.62 0.285 

20NT 121 2.40 0.213 

50NT 90 2.12 0.119 
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The surface morphology of the Ni1-xO/TiO2 nanocomposites was analyzed using SEM 

analysis (Figure 4.5). The porous nature of the sample was observed in case of 1NT, 3NT 

and 5NT. However, the porous structure tend to disappear as the Ni1-xO loading on TiO2 was 

increased (see Figure 4.5-10NT, 20NT and 50NT). This could be attributed to the sintering of 

the material due to exothermic decomposition of [Ni(H2O)4(4-nba)2].2H2O. This observation 

was further confirmed by HRTEM analysis of the Ni1-xO/TiO2 nanocomposites. The particle 

size of the synthesized nanocomposites appeared to increase from 7 to 29 nm as we increase 

the concentration of Ni1-xO from 1-50% as can be seen from the particle size distribution 

curve. The HRTEM for these synthesized nanocomposites represents the characteristic d-

spacing value of 0.34 nm and 0.21 nm corresponding to 101 plane of TiO2 and 200 plane of 

Ni1-xO. The diffraction ring pattern observed in SAED indicates the characteristics peaks and 

is in accordance with that of the powder XRD. 

 

 

 

 

 

 

 

 

 

 

Figure 4.6: (a) Low resolution TEM, (b) particle size distribution, (c) HRTEM and (d) 

SAED analysis of 1NT 
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Figure 4.7: (a) Low resolution TEM, (b) particle size distribution, (c) HRTEM and (d) 

SAED analysis of 3NT 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.8: (a) Low resolution TEM, (b) particle size distribution, (c) HRTEM and (d) 

SAED analysis of 20NT 
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Figure 4.9: (a) Low resolution TEM, (b) particle size distribution, (c) HRTEM and (d) 

SAED analysis of 50NT 

 

 Non stoichiometric nature of Ni1-xO/TiO2 nanocomposites. 

The oxidation state and surface composition of the total number of elements present in the 

synthesized Ni1-xO/TiO2 nanocomposite was analyzed using XPS analysis. The major peaks 

corresponding to the binding energy of 458.7 eV, 855.8 eV and 529.3 eV in the full scan 

spectra were attributed to Ti, Ni and O which is in good agreement with the literature reports 

[6] as shown in Figure 4.10. To get more insights into the study of Ti, Ni and O, high 

resolution spectra were examined for each of the elements. Figure 4.10 shows full scan 

spectra of all the synthesized Ni1-xO /TiO2 catalyst. Figure 4.11 and Figure 4.12 shows the 

high resolution (narrow scan) XPS spectra of Ni (2p) core level, Ti (2p) core level and O (1s) 

core level for 1NT, 3NT, 5NT, 10NT, 20NT and 50 NT respectively. 

XPS spectra of all the Ni (2p) showed five different peaks located at various binding energy 

and it agrees well with literature reports [7]. A well-defined shoulder peak that represents the  
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Figure 4.10: (a-f) Full scan spectra Ni1-xO/TiO2 nanocomposites. 

 

Ni (2p) core levels for Ni1-xO has been observed in all the Ni1-xO /TiO2 nanocomposite. To 

get further insight of the shoulder peak features of Ni (2p3/2) and Ni (2p ½), the XPS spectra  

were deconvoluted using Voigt peak fitting functions. The peak fitting for the 8 peaks has 

been marked from a to h located at the binding energies of 853.2 (± 0.2), 855.1 (± 0.2), 860.5 

(± 0.2), 865.2 (± 0.2), 870.7 (± 0.2), 872.2 (± 0.2), 877.1 (± 0.2) and 879.9 (± 0.2) eV, 

respectively. The peaks marked as a, b, e and f represents the core level Ni2+ (2p3/2), Ni3+ 

(2p3/2), Ni2+ (2p1/2) and Ni3+ (2p1/2), respectively. The shakeup satellite peaks of Ni2+ (2p3/2) 

and Ni3+ (2p3/2) are labeled as c and d, and the shakeup satellite peaks of Ni2+ (2p1/2) and Ni3+ 

(2p1/2) are labeled as g and h, respectively. These peaks confirmed the presence of non-

stoichiometric Ni1-xO [8] in the as synthesized Ni1-xO /TiO2 nanocomposites. 
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Figure 4.11: XPS spectra of 1NT (a-c), 3NT (d-f) and 5NT (g-i) 

Furthermore, the Ti 2p spectrum exhibited two symmetric peaks located at binding energy 

458.8 eV and 464.5 eV which arises from spin orbit –splitting and they are assigned to        

Ti 2p3/2 and Ti 2p1/2 core levels respectively.  Peak (a and b corresponds to Ti4+ peaks) and 

peak c corresponds to Ti3+. These two peaks are in line with the literature reports for Ti4+ 

oxidation states in TiO2 lattice. The shoulder peak located at binding energy 460.2 eV 

corresponds to Ti3+ in Ti2O3 which indicates that both TiO2 and Ti2O3 are present in the    

Ni1-xO/TiO2 nanocomposites. Peak area integration revealed that the percentage of Ti3+ 

decreases with the increase in Ni3+ in the samples. The observed order of Ti3+ is in the order 

1NT> 3NT> 5NT> 10NT> 20NT >50NT as presented in Table 4.3. 
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Figure 4.12: XPS spectra of 10NT (j-l), 20NT (m-o) and 50NT (p-r) 

Similarly the O (1s) peaks were deconvulted as presented in Figure 4.10 (c), (f), (i) and 

Figure 4.11 (l), (o), (r). The O (1s) spectra showed an ideal fit for two peaks located at the 

binding energy peak observed at 528.9 eV represents the O (1s) core level of O2- anions 

associated with Ni-O chemical bonding, and the lower intensity at higher binding energy 

peak (530.7 eV) is representative of the presence of the hydroxyl (-OH) groups and defect 

sited on the Ni1-xO/TiO2 surface and is thus a measure of oxygen vacancies in Ni1-xO/TiO2. 

The presence of oxygen vacancies in the Ni1-xO/TiO2 is known to improve the donor density 

and surface properties of Ni1-xO/TiO2. The synthesized Ni1-xO/TiO2 nanocomposites were 

tested for adsorptive separation and photocatalytic degradation of Amaranth dye which is 

presented in the next section.  
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Materials Narrow 

Scan 

Species Ni3+/Ni2+ 

(Ni1-x O/TiO2 

Synthesized) 

XPS area 

integration 

(%) 

1NT Ni2p 
O1s 

Ni2+ 

Ni3+ 

Ti3+ 

Ti4+ 
Ni/Ti-O 

Surface hydroxyl 

0.82 55.09 

44.91 

40.14 

59.86 

51.6 

48.4 

3NT Ni2p 
O1s 

Ni2+ 

Ni3+ 

Ti3+ 

Ti4+ 
Ni/Ti-O 

Surface hydroxyl 

0.84 54.77 

45.23 

37.46 

62.54 

50.8 

49.2 

5NT Ni2p 
O1s 

Ni2+ 

Ni3+ 

Ti3+ 

Ti4+ 
Ni/Ti-O 

Surface hydroxyl 

0.84 54.33 

45.66 

36.72 

63.27 

52.3 

47.7 

10NT Ni2p 
O1s 

Ni2+ 

Ni3+ 

Ti3+ 

Ti4+ 
Ni/Ti-O 

Surface hydroxyl 

0.86 53.38 

46.62 

31.1 

68.9 

49.5 

50.5 

20NT Ni2p 

O1s 
Ni2+ 

Ni3+ 

Ti3+ 

Ti4+ 
Ni/Ti-O 

Surface hydroxyl 

0.87 53.08 

46.91 

28.36 

71.63 

51.2 

48.8 

50NT Ni2p 
O1s 

Ni2+ 

Ni3+ 

Ti3+ 

Ti4+ 
Ni/Ti-O 

Surface hydroxyl 

0.88 52.92 

47.07 

11.43 

88.56 

52.6 

47.4 

 

Table: 4.3: The percentage of species obtained from the XPS peak area integration of 

narrow scan spectra of Ni1-xO catalysts.  
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4.3.2 Adsorptive removal of Amaranth dye using synthesized Ni1-xO/TiO2 catalysts. 

The adsorption efficiency of all the synthesized Ni1-xO/TiO2 nanocomposites catalysts (1NT, 

3NT, 5NT, 10NT, 20NT and 50NT) were tested for adsorptive removal of Amaranth dye 

from waste water. The type of interaction between the Amaranth dye (adsorbate) and Ni1-

xO/TiO2 catalyst (adsorbent) was investigated using adsorption isotherm and kinetic studies. 

Figure 4.13 represents adsorption isotherm study for 1NT, 3NT, 5NT, 10NT, 20NT and 

50NT. It is a plot of maximum adsorption capacity qe as a function of adsorbate 

concentration ce. It is observed that at lower initial concentration of Amaranth dye there is 

linear increase in the maximum adsorption capacity which subsequently enters into an 

equilibrium at higher initial concentration of Amaranth dye.  

Among all the adsorption isotherm models fitted, sips adsorption isotherm model gave the 

experimental data with the R2 value of > 0.98. The obtained adsorption capacity for all the 

synthesized Ni1-xO/TiO2 catalyst was in the order 1NT (84.5 mg.g-1) > 3NT (82.3 mg.g-1) > 

5NT (81.6 mg.g-1) > 10 NT (78.2 mg.g-1) > 20 NT (77.6 mg.g-1) > 50 NT (61.2 mg.g-1) (see 

Table 4.4).  It is very clear from the obtained adsorption capacity values that the 1NT, 3NT 

and 5 NT have relatively maximum adsorption capacity as compared to 10 NT, 20NT and 

50NT. It is also observed that the adsorption capacity decreases as we increase the Ni1-xO 

loading on to TiO2. The high adsorption capacity is due to the high surface area of 1NT, 3NT 

and 5NT. The subsequent decrease in adsorption capacity is due to decrease in surface area 

as we increase the Ni1-xO content in the nanocomposites. To further understand the rate of 

uptake of Amaranth dye on Ni1-xO/TiO2 nanocomposites catalysts, adsorption kinetic study 

was carried out.  
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Figure 4.13: (a-f) Adsorption isotherm study of all the synthesized Ni1-xO/TiO2 

nanocomposites. 
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Isotherm 

models 

Parameters Materials 

1NT 3NT 5NT 10NT 20NT 50NT 

Langmuir qm (mg.g-1) 100.42 94.70 92.40 94.15 89.99 77.29 

KL (L.mg-1) 0.048 0.050 0.042 0.039 0.038 0.043 

RL 0.15-

0.68 

0.15-

0.62 

0.13-

0.52 

0.12-

0.32 

0.11-

0.25 

0.10-

0.15 

R2 0.930 0.907 0.945 0.962 0.945 0.921 

Freundlich KF (L.mg-1) 18.09 17.87 14.51 13.38 12.71 12.17 

1/n (mg.g-1) 0.337 0.329 0.362 0.381 0.381 0.363 

R2 0.79 0.75 0.82 0.85 0.83 0.80 

 Sips qm (mg.g-1) 84.5 82.3 81.6 78.2 77.6 61.2 

KS (L.mg-1) 0.064 0.061 0.056 0.054 0.053 0.050 

m 1.81 2.04 1.66 1.64 1.74 2.04 

R2 0.981 0.984 0.979 0.994 0.986 0.980 

Temkin β (mg.g-1) 107.66 114.10 117.75 110.86 115.14 134.28 

KT (L.mg-1) 0.409 0.425 0.347 0.310 0.301 0.334 

R2 0.887 0.857 0.918 0.946 0.926 0.900 

 

Table 4.4: Parameters obtained from different adsorption isotherm study 

 

 Adsorption kinetic studies 

The detailed experimental procedure for the adsorption kinetic study has already been 

explained in section 4.2.2. The obtained experimental results were fitted using different 

adsorption kinetic models such as pseudo-first-order (Figure 4.14 (a), pseudo-second-order 

(Figure 4.14 (b), Elovich model (Figure 4.14 (c) and intraparticle diffusion model (Figure 

4.14 (d). 
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Figure 4.14: (a-d) Adsorption kinetic study of synthesized Ni1-xO/TiO2 nanocomposites  

It was observed that for all the synthesized Ni1-xO/TiO2 nanocomposite catalysts, the rate of 

adsorption was much higher at the beginning of the process which became comparatively 

slower proceeding towards equilibrium adsorption [9]. Based on the values of the correlation 

coefficient i.e. R2, it was decided that the adsorption of Amaranth dye on all the catalysts 

followed pseudo-first-order kinetics which suggested that the dye molecules are attached to 

the adsorption sites through physical adsorption.  

The rate constant determined using pseudo-first order rate equations followed the order 1NT 

> 3NT > 5NT > 10 NT > 20 NT > 50 NT (see Table 4.5) which signifies the importance of 

porous nature of the nanocomposites in case of lower % of Ni1-xO on TiO2. To understand the 

dye diffusion mechanism over nanostructured Ni1-xO/TiO2, the intraparticle diffusion model 

was studied. The obtained experimental kinetic data was further fitted using the linear form 

of the intraparticle diffusion model (Figure 4.14(d)) and the corresponding parameters 

calculated using this model are summarized in Table 4.5. It was observed that the plot 
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showed multi-linearity indicating the adsorption process taking place in two or more steps. It 

was observed that the fits of intraparticle diffusion model did not pass through the origin and 

had slopes which ruled-out the possibilities of the applicability of intraparticle diffusion 

model alone and predicted that the dye diffusion mechanism was not completely controlled 

by a single mechanism but it was a combination of two or more mechanisms [10]. The plots 

of intra-particle diffusion model showed two regions S1 and S2 and the value of the slope of 

region S1 is quite higher than the slope of region S2, which suggested that the contribution of 

the step involving the transfer of dye molecules from bulk solution to the internal pores is 

quite significant. Further, the value of the slope of region S1 followed the order 1NT > 3NT 

> 5NT > 10NT > 20NT >50NT (Table 4.5) which suggested that the dye uptake increased 

with the increasing ordered porosity. Furthermore all the synthesized Ni1-xO/TiO2 

nanocomposites catalysts were tested for the photocatalytic degradation of Amaranth dye. 

 

4.3.3 Photocatalytic degradation of Amaranth dye using synthesized Ni1-xO/TiO2 

catalysts. 

 Kinetic Studies 

The photocatalytic Amaranth dye degradation study was carried out using synthesized Ni1-

xO/TiO2 nanocomposites.  Initially the optimum concentration of the Ni1-xO/TiO2 

nanocomposites was evaluated by varying the amount of the catalyst in the photocatalytic 

reaction with initial dye concentration of 30 ppm. The amount of Ni1-xO/TiO2 catalyst taken 

was 25, 50, 75, 100, 125 and 150 mg in each experiment. The maximum photocatalytic 

degradation activity was obtained for 100 mg 1NT catalyst with degradation efficiency of 

95.4 % in 20 minutes.  The obtained optimized catalyst concentration was used to carry out 

the photocatalytic degradation of Amaranth dye using all the synthesized Ni1-xO/TiO2 

catalyst. In a typical reaction 100 mg of the catalyst was dispersed in 300 mL, 30 ppm 

Amaranth dye solution. The solution was further irradiated with 250 W mercury lamp and at 

regular interval of time aliquots were taken and absorbance was recorded using UV-Vis 

spectroscopy. 
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Models 

Parameters 

Materials 

1NT 3NT 5NT 10NT 20NT 50NT 

Pseudo- 

first-order 

k
1
 (min

-1
) 0.097 0.087 0.078 0.063 0.049 0.048 

q
e,cal

 (mg.g
-1

) 67.3 65.4 64.4 60.1 55.6 46.9 

q
e,exp

 (mg.g
-1

) 65.2 63.4 62.3 59.4 53.2 44.6 

R
2
 0.982 0.982 0.986 0.985 0.982 0.986 

Pseudo-

second-

order 

K2  

(g.mg-1. min-1) 

1.82 

×10-3 
1.72 

×10-3 

 

1.51 

×10-3 

 

1.19 

×10-3 

 

0.93 

×10-3 

 

0.88 

×10-3 

 

q
e,cal

 (mg.g
-1

) 74.02 72.12 71.69 68.26 64.78 55.01 

R
2
 0.97 0.96 0.96 0.97 0.97 0.98 

Elovich B (g.mg
-1

) 36.53 32.45 25.46 14.61 9.681 7.35 

k
E
 (mg.g

-1
.min) 0.081 0.082 0.080 0.077 0.077 0.088 

R
2
 0.97 0.98 0.98 0.97 0.99 0.97 

Intraparticle 

diffusion 
k

ID 
(S1)(mg.g

-1
.  

 min
-1/2

) 

9.54 8.91 8.52 8.13 7.19 6.43 

C(S1) (mg.g
-1

) 6.67 6.58 5.93 2.13 0.62 1.28 

R
2
 (S1) 0.91 0.94 0.94 0.97 0.98 0.97 

k
ID 

(S2) (mg.g
-1

.  

min
-1/2

) 

1.12 0.60 0.80 0.68 1.69 0.82 

C(S2) (mg.g
-1

) 57.39 60.66 57.1 53.70 38.31 38.05 

R
2
 (S2) 0.95 0.74 0.94 0.54 0.91 0.54 

 

Table 4.5: Parameters obtained from adsorption kinetic analysis. 
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Figure 4.15: (a-b) Photocatalytic degradation study of synthesized Ni1-xO/TiO2 

nanocomposites. 

 

The Figure 4.15 (a) and (b) shows the kinetic profiles for the photocatalytic Amaranth dye 

degradation using all the synthesized Ni1-xO/TiO2 nanocomposite catalyst. The 1% and 3 % 

Ni1-xO/TiO2 exhibited better photocatalytic activity as compared to the synthesized TiO2, Ni1-

xO, and commercial Degussa P25. The 3% Ni1-xO/TiO2 nanocomposites exhibited the highest 

Amaranth dye degradation efficiency of 97 % with the rate constant of 1.628 ×10-1
 min-1 (at 

pH = 5.6) within 20 minutes of irradiation  which was comparatively higher than TBTCU 

(92.3 % degradation efficiency in 20 minutes) with rate constant of 1.218×10-1
 min-1 at pH = 

5.6). It was also observed from the Table 4.6 that the 3NT showed better photocatalytic 

performance as compared to other transition metal oxide catalyst used for photocatalytic 

degradation of Amaranth dye. The enhanced photocatalytic activity is attributed to the 

synergistic effect of high surface area, lower bandgap, and greater charge carrier separation 

possibly due to the formation of a p-n heterojunction at the interface of mesoporous Ni1-xO 

and TiO2. 3% Ni1-xO/TiO2 nanocomposite is considered to be the optimum photocatalyst with 

high photocatalytic performance. High photocatalytic activity can be attributed to the 

probable formed heterojunction between Ni1-xO and TiO2. These composite oxides provides 

easy charge separation and overcomes the major energy loss due to recombination of 

electrons and hole pairs, thus enhancing the photocatalytic degradation efficiency.   
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Figure 4.16 (a) Comparative free radical scavenging study of TiO2, Ni1-xO and Ni1-xO 

/TiO2 nanocomposites and (b) Schematic of photocatalytic degradation mechanism 

using free radical species. 

 Free radical scavenging studies  

It is well established that the photocatalytic action of semiconductor surfaces is initiated by 

the generation of h+, O2
-˙ and OH radicals upon absorption of UV-Vis radiation. Depending 

on the nature of the semiconductor surface, the concentration of the active reactive species 

can vary. Therefore, in order to elucidate the contribution of photocatalytically generated 

charge carriers and radical species on Amaranth degradation activity of TiO2, the free radical 

scavenging experiments were conducted using 0.1 M benzoquinone (BQ), isopropanol (IPA), 

ammonium oxalate (AO) and NaN3 which serve as -.O2, .OH, h+ and 1O2 scavengers 

respectively. It is observed that BQ has little influence on Amaranth degradation, indicating 

that -.O2 does not play any major role in the photocatalytic process. In contrast, the addition 

of IPA, AO, and NaN3 lead to a decrease in degradation activity by 19%, 35%, and 45% 

respectively, suggesting that .OH, h+, and more importantly the 1O2 species generated at the 

TiO2 surface, play a key role in the photocatalytic degradation process. Therefore, it is 

proposed that the photo degradation mechanism is initiated by the illumination of TiO2 

surface which produces holes in valence band which interacts with adsorbed water to form 

highly reactive ˙OH radicals [18–20]. Apparently, complementary to the electron-hole 

recombination process, energy transfer process from TiO2 to adsorbed O2 also takes place 
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Table 4.6: Comparative analysis of Amaranth dye degradation efficiency of TBTCU, 

Ni1-xO and Ni1-xO/TiO2 with that of literature reported catalysts. 

which results in the formation of 1O2 species [21,22].  The negatively charged Amaranth dye 

(RSO3
-) adsorbed on the TiO2 (101) surface, is then oxidized by .OH, h+, 1O2  -.O2 via radical 

cleavage of RSO3
˙ to form several intermediates such as sodium-3-hydroxynaphthalene-2, 7-

disulphonate, 3-hydroxynaphthalene, sodium-4-aminonaphthalenesulphonate, and sodium-4-

amino benzenesulphonate. These intermediates further convert to relatively stable phenol and 

malic acid before ultimately converting to CO2 and H2O.  

Similarly, free radical scavenging study was carried out using Ni1-xO (N2) catalyst. The 

scavengers such as 10 mM benzoquinone (BQ), tertiary Butanol (t-BuOH), ammonium 

Catalyst Initial dye 

concentration 

Light source Reaction 

time 

(min) 

% 

Degradation 

N,S-doped [11] 

 titania 

3.90 x 10 -5 M 200 W Tungsten 

lamp 

90 59.3 

N-WO3 [12] 25 mg.L-1 160 W 

Visible and UVA 

light 

120 100 

TiO2 [13] 84 µmol.L-1 125 W lamp 60 75 

TiO2 [14] 30 ppm Solar light 90 99.1 

N-ZrO2 [15] 10 ppm  Fluorescent lamp 

(visible) 24 W and 

Low pressure Hg 

lamp(UV) of 15 W 

120 

 

240 

26.4 

 

84.5 

ZnO [16] 

  

20 ppm  250 W  

Hg medium 

pressure lamp 

120 100 

ZnO [17] 4.4 x 10-5 M 200 W Tungsten 

lamp 

300 92.5 

TiO2 (TBTCU) 

[This work] 

30 ppm 250 W Hg Medium 

pressure Lamp 

20 92.3  

Ni1-xO (N2) 

[This work] 

30 ppm 250 W Hg Medium 

pressure Lamp 

70 93.8 

Ni1-xO/TiO2 

(3NT) 

[This work] 

30 ppm 250 W Hg Medium 

pressure Lamp 

20 97.0 
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oxalate (AO) and sodium azide (NaN3) were employed which serve as O2
-.

, ˙OH, h+ and 1O2 

scavengers respectively for Ni1-xO (N2) catalyst. It was observed that the addition of sodium 

azide had a negligible influence on Amaranth degradation activity, indicating that 1O2 species 

does not play any major role in the photocatalytic degradation process over Ni1-xO 

nanosponge unlike in the case of TiO2 [23]. Similarly, the addition of t-butanol leads to a 

moderate decrease in the activity which indicates the appreciable contribution of ˙OH radical 

in the photocatalytic degradation process. However, the addition of ammonium oxalate leads 

to a significant decrease in the activity of N2 (66.66 %). Similarly, the addition of 

benzoquinone also leads to decrease in the activity of N3 by (60.6 %), confirming that both 

h+ and -.O2 radical species play a major role in the photocatalytic degradation of Amaranth 

dye over synthesized Ni1-xO nanostructures. This observation is in good agreement with 

Harraz et al. [24] and  Ramesh et al.[25]  

Furthermore, photodegradation activity of Ni1-xO/TiO2 nanocomposite catalyst was evaluated 

through free radical scavenging experiment so as to identify the active radical species. In a 

typical experiment, 0.01 M ammonium oxalate (AO): h+ scavenger, Benzoquinone, sodium 

azide and isopropyl alcohol were separately added to Amaranth dye solution. A noticeable 

decrease in amaranth dye photodegradation was detected in the presence of ammonium 

oxalate (53.5 %) and with benzoquinone (46.7 %) which suggest that h+ and O2
.
 
– are the 

major active species contributing in the photocatalytic process. The minor contributions from  

.OH and 1O2 were also observed.  

From the above results, a photocatalytic reaction mechanism is proposed. The surface 

modification of mesoporous TiO2 with Ni1-xO nanoparticles causes the enhancement of light 

absorption. As reported by Lin et al. [26], the combination of the Ni2+ with Ti4+ at the p-n 

junction induces an electric field at the contact potential. When UV radiation falls on TiO2/ 

Ni1-xO heterojunction, it excites electrons from valence band of both the oxides to their 

respective conduction bands. Under the influence of the internal field, the electrons from CB 

of Ni1-xO migrate towards the CB of TiO2 leading to higher population of electrons in TiO2. 

Subsequently, the h+ from V.B of TiO2 are pulled towards the V.B of Ni1-xO at the contact 

surface, resulting in increased population of h+ in Ni1-xO. This results in effective separation 

of e- and h+ as reported by Lin et al. [26] A similar effect could occur in our nanocomposites. 

These surface electrons then result in generation of O2
.- radicals and h+ which together 
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promote the photocatalytic Amaranth dye degradation efficiency of the Ni1-xO/TiO2 

nanocomposite catalyst.  

 Catalyst regeneration studies 

The Ni1-xO/TiO2 (3NT) catalyst was subjected to regeneration studies under optimized 

conditions for five consecutive cycles. After each reaction the dye adsorbed on the catalyst 

was desorbed by boiling it in a hot water for one hour with continuous stirring. Catalyst was 

reactivated at 200 °C, and then the photocatalytic degradation was carried out. The obtained 

decrease in the photocatalytic degradation activity is from 97 % to 92.4% for 3NT 

confirming excellent stability of the composite catalyst 

 

 Identification of Amaranth dye degradation products 

i) Percentage purity and impurity profiling of Amaranth dye 

The LC-ESI-MS analysis of an Amaranth stock solution showed a major peak on the 

chromatogram due to Amaranth dye with minor unresolved impurity bands which were 

below the mass detection limit (as seen from Figure 4.17). Hence, further analyses were 

performed with an ultra-performance LC-ESI-MS under the positive scan mode (as seen 

from Figure 4.18). Two impurity peaks at retention times of 0.18 min (11%) and 1.27 (7%) 

corresponding to m/z peaks of 144.2 and 301.3, respectively, were detected (see Figure 4.19 

and Figure 4.20). The former impurity was identified to be α-naphthylamine; however, no 

particular structure could be assigned to the second impurity. 

 

 

 

 

 

 

Figure 4.17: Liquid chromatogram of the Amaranth dye 
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Figure 4.18: Ultra performance chromatogram of the Amaranth dye. 

 

 

 

 

 

 

 

Figure 4.19: Impurity peak corresponding to m/z value 144 

 

 

 

 

 

 

Figure 4.20: Impurity peak corresponding to m/z value 301.33 

 

ii) Amaranth degradation products catalyzed by TiO2 photocatalyst 

The following products of Amaranth degradation over TiO2 surface (TBTCU) were 

identified using LC-ESI-MS. These products are as follows: Sodium 4-aminonaphthalene-

2,7-disulfonate, 5,6,7-trihydroxynaphthalene-2-sulfonic acid; Sodium 3,4-

dihydroxynaphthalene-2,7-disulfonate; 2- 1-Aminonaphthalene-2-ol, Naphthalene-1,2-diol; 
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Sodium 4-aminonaphthalene 1-sulfonate; Sodium 4-aminobenzenesulfonate, phenol, 2-

Hydroxymalonic acid and 2-Hydroxysuccinic acid. A typical mass spectrum of sodium 4-

aminobenzenesulfonate is shown in Figure 4.21 (more details are given in appendix I) 

 

 

  

Figure 4.21: Sodium 4-aminobenzenesulfonate corresponding to m/z value 172. 

 

iii) Amaranth degradation products catalyzed by Ni1-xO photocatalyst 

The Amaranth degradation products obtained using Ni1-xO (N2) as catalyst were identified 

using LC-ESI-MS. These are as follows:  Sodium 3, 4-dihroxynaphhalene-2, 7-disulfonate; 

Sodium 3,4-dioxo-3,4-dihydronaphthalene-2,7-disulfonate; 6,7-dihydroxynaphthalene-2-

sulfonic acid; phenol; 2-Hydroxymalonic acid and 2-Hydroxysuccinic acid. A typical mass 

spectrum of 5, 6, 7-trihydroxynaphthalene-2-sulfonic acid is shown in Figure 4.22 (more 

details are given in appendix I). 

 

Figure 4.22: 5, 6, 7 Trihydroxynaphthalene-2-sulfonic acid corresponding to m/z value 

274. 
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iv) Amaranth degradation products catalyzed by Ni1-xO /TiO2 photocatalyst 

The Amaranth degradation products obtained using Ni1-xO/TiO2 (3NT) as catalyst were 

identified using LC-ESI-MS as follows: Sodium 3,4-dihydroxynaphthalene-2,7-disulfonate; 

5,6,7 Trihydroxynaphthalene-2-sulfonic acid; Phenol A typical mass spectrum of 2-

hydroxymalonic acid is shown in Figure 4.23 (more details are given in appendix I). 

Figure 4.23: 2-Hydroxymalonic acid corresponding to m/z value 143. 

 

Based on the intermediates and products detected via LC-ESI-MS, the following global 

mechanism of photocatalytic degradation is proposed: 

 Plausible degradation mechanism 

 

Ni1-xO/TiO2 + hν  e- + h+                (R1) 

(Effective separation of charge carriers due to p-n junction) 

(O2) ads + e-   O2
•-                       (R2) 

H2O + h+   •OH + H+                 (R3) 

According to the studies by Karkmaz et al. [13] under acidic conditions, the surface of TiO2 

gets positively charged. 

Ti-(OH) + H+   Ti-(OH2) +      (R4) 

 

Adsorption of Amaranth on the surface of Ti-(OH2)+ occurs via interaction of the sulphonyl 

group at the ortho position with respect to the OH group on the naphthalene ring. The 

formation of •OH radicals, O2
•- radical anion and holes (h+) on the catalyst surface is believed 

to initiate the radical degradation of Amaranth according to the following reactions: 
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R-SO3
- + •OH  R• + HSO4

- ( H+ + SO4
2-)          (R5) 

R-SO3
- + h+  R-SO3

•                                             (R6) 

where R-SO3
− represents Amaranth dye. The radical reactions of R• initiates the dye 

degradation process via ring rupture, and leads to the formation of phenol and organic acids 

which ultimately at long reaction times would transform into gaseous CO2 along with 

mineralization of the azo group to gaseous N2. Steter et al. [16] performed sono-

electrochemical degradation of Amaranth dye and product identification by LC-MS and 

suggested that the Amaranth degradation occurs by cleavage of the –N=N– bond (pathway  A 

and B in Figure 4.17) leading to sodium 3-hydroxy-4-imino- 4,4a dihydronaphthalene-2,7-

disulfonate (A) and sodium-4-amino naphthalene-1-sulphonate (B).  

 

In the present study, the qualitative identification of primary intermediates and products 

using the LC-ESI-MS technique was performed. The detected m/z values and their 

comparison with the mechanisms proposed by Steter et al. and Karkmaz et al. confirmed that 

the  degradation mechanism is initiated by the N=N bond cleavage leading to intermediates A 

and B, as shown in Figure 4.17. 

The intermediate A1 (Sodium 4-aminonathalene-2,7-disulfonate with m/z = 370)  can be 

formed from the intermediate A as reported by Stater et al. [16]. A1 subsequently can 

undergo oxidative loss of NH3 leading to the formation of tautomer A2 (Sodium 3, 4-

dihydroxynaphthalene-2,7-disulfonate, m/z = 406). A2 can also be formed directly from 

compound A, however, since A1 is detected in LC-ESI-MS while A is not, the former 

pathway for formation of A2 is considered. Subsequent oxidation of A2 gives A3 (5,6,7-

Trihydroxynapthalene-2-sulfonic acid, detected at m/z 274) which loses an -OH group to 

form A4 (6,7-dihydroxynaphthalene-2-sulfonic acid, m/z = 279).  

 

It is important to note here that, the compound A’ (1-aminonaphthalene-2-ol, detected at m/z 

= 198) could have formed from compound A, which subsequently undergoes oxidative loss 

of NH3 to give tautomer A’1 (Naphthalene-1, 2-diol, m/z =176). Both A’1 and A4 would 

then lead to the formation of products P1 (2-hydroxysuccinic acid, m/z = 152) and P2 (2-

hydroxymalonic acid, m/z = 143) through intermediates such as Catechol and 2-

hydroxybenzoic acid via ring rupture mechanism. Similarly, the formation of product P3 
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(Phenol, m/z = 117) can be explained via oxidative OH addition to B1 (Sodium 4-

aminonbenzenesulfonate, m/z = 172) formed via the ring rupture of compound B (Sodium 4-

aminonaphthalene-1-sulfonate, m/z = 244). Moreover, there were some other fragmentation 

patterns observed in the mass spectra which were too complex to assign to any particular 

structure. The two impurities detected in the Amaranth stock solution in UPLC-ESI-MS will 

be negligible and unresolved in LC-ESI-MS and do not influence the proposed mechanism of 

Amaranth degradation. The above discussion is therefore restricted to qualitative 

identification only. Nonetheless, the degradation kinetics and identification of degradation 

intermediates and products provide a better insight into the various possible degradation 

pathways simultaneously operating on the TiO2 surface. 

 

Figure: 4.24: Plausible mechanism for the photocatalytic degradation of Amaranth dye. 
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4.4 Conclusion: 

Ni1-xO/TiO2 nanocomposites were synthesized using Ti(OH)4/urea/butanetetracarboxylic 

acid/nickel p-nitrobenzoate hybrid gel by reflux assisted sol-gel method. The effect of Ni1-xO 

loading on morphology, surface area, and non-stochiometry of Ni1-xO/TiO2 nanocomposites 

was investigated.  It was observed that as we increase the Ni1-xO loading on TiO2 (0-50 wt 

%) the surface area tends to decrease from 231 m2.g-1 to 90 m2.g-1. Similarly, the pore size 

and pore volume also decreases with the increase the Ni1-xO loading. The Ni1-xO/TiO2 

nanocomposites exhibited porous morphology for lower % loading of Ni1-xO while 

agglomeration and sintering of the particles is observed with the increase in % Ni1-xO 

loading. Low resolution TEM analysis revealed smaller particle size distribution for lower % 

loading of Ni1-xO and large particle size for higher % Ni1-xO loading which is in good 

agreement with SEM and BET analysis. Further, the non-stochiometric analysis of all the 

synthesized Ni1-xO/TiO2 nanocomposites exhibited significant change in Ni3+/Ni2+ ratio as 

compared to pure Ni1-xO. Amaranth dye adsorption on all the synthesized TiO2 exhibited 

Sips adsorption model with maximum adsorption capacity of   84.5 mg.g-1 in case of 1NT 

was observed. This was attributed to its high surface area. Furthermore, 3NT exhibited the 

highest Amaranth dye photodegradation efficiency of 97 % (in 20 minutes) with a rate 

constant of 1.218×10-1
 min-1, which is the best photocatalytic Amaranth degradation 

performance reported till date in the literature. Therefore, the third objective of designing 

Ni1-xO/TiO2 nanocomposite for enhanced photocatalytic degradation of Amaranth dye was 

successfully achieved. 
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5.1 PROLOGUE 

All the synthesized Ni1-xO catalysts, TiO2 (TBTCU) and Ni1-xO/TiO2 catalyst have been 

tested for their supercapacitor application. The chemicals used and the experimental 

procedure is explained in section 5.2 and 5.3. The effect of ligation  of the  structure directing 

agent on the supercapacitor efficiency of Ni1-xO catalyst and Ni1-xO/TiO2 have been 

discussed in detail in section 5.4, followed by the conclusion in section 5.5 and references in 

section 5.6. 

5.2 CHEMICALS USED 

Potassium hydroxide (99.9%), Acetylene black (99.9%), Polytetrafluoroethylene (99.9%), N-

methylpyrollidone (99.9%). All chemicals purchased were of AR grade and used without any 

further purifications. 

5.3 EXPERIMENTAL PROCEDURES: 

The electrochemical analysis were carried out using standard three-electrode system in 6M 

KOH using CHI 660 E series potentiostate with Ag/AgCl as reference electrode and platinum 

plate as counter electrode. The working electrode was prepared by mixing active material, 

acetylene black and PTFE in a mass ratio of 80:15:5. The mixture was then homogenized 

using N-methylpyrollidone as a solvent which was sonicated for 30 minutes. The slurry was 

then pressed on Ni foam (1×1 cm2) and dried at 90 °C for complete removal of solvent. The 

mass of active material was 2 mg. The CV measurements were taken in the potential range of 

-0.2 to 0.4 V at a scan rate of 5-200 mV.s-1. The galvanostatic charge/discharge curves were 

recorded for the same electrode system at variable current densities of 0.5-9 A.g-1 in the 

potential range of -0.2 to 0.4 V in 6 M KOH. Following this, cyclic stability analysis was 

carried out at a current density of 6 A.g-1 in 6 M KOH solution for 10000 cycles. 

5.4 RESULT AND DISCUSSION 

5.4.1 Effect of ligation on supercapacitor behavior of Ni1-xO catalysts. 

The synthesized Ni1-xO with different ligands on structural and morphological properties of 

Ni1-xO has been discussed earlier in detail in Chapter 3. The obtained changes in structural 
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and morphological properties on supercapacitor application have been studied in detail in this 

chapter. 

  Cyclic voltammetry study 

The Ni1-xO/acetylene black/PTFE supported on nickel foam electrodes were fabricated (used 

as working electrode), and their electrochemical performances were characterized by cyclic 

voltammetry (CV) and galvanostatic charge/discharge (GCD) measurements. Figure 5.1 

shows the CV curve of the synthesized Ni1-xO  in the potential window of -0.2 to 0.4 V (vs 

Ag/AgCl) at various scan rates from 5 to 200 mV.s-1 in 6.0 M KOH. A pair of strong redox 

current peaks are observed from the CV curves at 0.19 V and 0.33 V, which corresponds to 

the faradic oxidation/reduction reactions and also indicates the pseudocapacitive behavior of 

the Ni1-xO /acetylene black/PTFE composites. According to the redox mechanism, the faradic 

reaction can be described by reaction (R1).[1,2] 

                      Ni1-xO + OH_  NiOOH + e_                              (R1) 

Furthermore, as the peak intensity increases with the increasing scan rate, the CV results 

continue to display an obvious pair of redox peaks, suggesting good reversibility of the 

involved faradic reactions. Moreover, along with the increase in scan rate from 5 to 200 

mV.s-1, the anodic peaks shift positively, while the cathodic peaks shift negatively, which are 

attributed to the polarization of the electrodes at higher scan rates. In addition, as shown in 

Figure  5.1 the Ni1-xO/acetylene black/PTFE prepared from N2 exhibits much larger area 

under the CV curve in comparison with N1, N3, N4, PN and NU indicating the capacitive 

behavior to be in the order of N2 > N1 > N3 > N4 > PN > NU. The greater integral area of 

N2 indicates that the mesoporous nature of the nanosponge morphology enables higher 

electrochemical activity by providing an improved contact at the electrode/electrolyte 

interface, which can be associated with a richer faradaic reaction; and this observation is 

similar to the literature reports for porous Ni1-xO electrodes.[3–5]  
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Figure 5.1 Cyclic voltammogram of the Ni1-xO samples N1, N2, N3, N4, PN and NU 
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Table 5.1: Comparative surface area and specific capacitance values of N1, N2, N3, N4, 

PN and NU 

 

 Galvanostatic charge discharge study 

To further examine the pseudocapacitive performance, a series of charge/discharge 

measurements were performed on synthesized electrodes at various charge/discharge current 

densities from 0.5 to 9 A.g-1, as shown in Figure 5.2. Unlike in the case of electric double-

layer capacitors with linear charge/discharge characteristics, the charge/discharge curves of 

synthesized Ni1-xO electrodes exhibit the typical pseudocapacitive behavior, which is in good 

agreement with the CV results as well as with literature reports [6,7]. Based on the discharge 

curves the specific capacitance values were calculated. It can be clearly seen from Table 5.1 

that the mesoporous Ni1-xO nanosponge (N2) exhibits excellent specific capacitance of 

1236.8 F.g-1 at a current density of 1 A.g-1.  

This superior electrochemical performance of mesoporous Ni1-xO nanosponge confirms the 

importance of robust structural porosity in providing additional electroactive contact sites at 

the electrode/electrolyte interfaces, enhancing ionic diffusion, leading to faster electrode 

kinetics [8,9]. Thus, along with morphology, other factors such as surface area, average pore 

size and average pore volume play a vital role in improving the capacitive performance. This 

obtained results are in good agreement with FESEM, BET surface area and porosity analysis 

reported in Chapter 3. 

 

Catalyst Surface 

area  

(m2.g-1) 

Specific capacitance 

(F.g-1) at current 

density 1 A.g-1 

N1 46.1 713.3 

N2 63.6 1236.8 

N3 15.8 356.1 

N4 8.5 196.3 

PN 22.4 98.6 

NU 25.7 105.3 
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Figure 5.2 Galvanostatic charge discharge study of the Ni1-xO samples N1, N2, N3, N4 

PN and NU. 
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Table 5.2: Comparative analysis of specific capacitance and cyclic performance of 

synthesized mesoporous Ni1–xO nanosponge with that of literature reported Ni1–xO 

catalysts. 

 

 Cyclic stability study 

The electro-corrosion effects (i.e., structural instability) in Ni1–xO are known to retard its 

electrochemical cyclic stability as a result of continuous rapid charging and discharging 

process [16]. Thus, the cyclic stability analysis was carried out at a current density of 6 A.g-1 

in 6 M KOH solution for 10000 cycles. Notably, the excellent specific capacity retention of 

more than 95% was observed from Figure 5.3 that for N2, nearly 78 % for N1 and 76% for 

N3 75% for N4, PN and NU. Thus, the excellent cyclic stability up to 10000 cycles with 

capacitance retention of 95% for the Ni1–xO nanosponge (N2) is attributed to its robust 

structural mesoporosity with interconnected porous channels which provides the efficient 

pathway for ion diffusion throughout the charging and discharging process as compared to 

the rest of the synthesized catalyst as well as the reported nanostructures of Ni1–xO such as 

nanotubes, nanowires, microspheres as shown in Table 5.2. The existence of mesoporous 

structure is known to reduce photo-corrosion effects in semiconductor materials by providing 

Catalyst Specific capacitance 

(F.g-1) at current 

density 1 A.g-1 

Capacitance 

retention 

Ultrathin nickel oxide [10] 600 98 % after 3000 

cycles 

NiO nanotube [11] 919 95 % after 2000 

cycles 

NiO/mesoporous carbon 

nanospheres [12] 

406 91 % after 10000 

cycles 

Porous thin film NiO 

nanowire [9] 

750 88 % after 1000 

cycles 

NiO/carbon fibers [13] 929 88 % after 5000 

cycles 

NiO hierarchical 

microsphere/nanofibers 

[14] 

809 85 % after 2000 

cycles 

Ultrathin porous NiO 

nanoflakes [15] 

2014 100 % after 5000 

cycles 

Ni1–xO  nanosponge (N2) 

 (This work) 

1237 95 % after 

10,000 cycles. 
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easy migration of charge carriers along the walls of the mesopores [15,17]. A similar effect 

was observed to reduce the corrosion effects in N2 resulting in an exceptionally high cyclic 

rate of 10000 cycles which is extremely essential for device scale applications. However, 

there is slight decrease in capacitance after 10000 cycles, which can be ascribed to the film 

deterioration as an effect of fast electrochemical cyclic. 

Figure 5.3 Cyclic stability study of the Ni1-xO samples N1, N2, N3, N4, PN and NU 
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A comparison of the capacitance values of N2 with respect to literature reports is presented 

in Table 5.2. Liu et al. reported the specific capacitance of only 600.3 F.g-1 for ultrathin Ni1-

xO at a current density of 1 A.g-1. Moreover, their synthesized Ni1-xO was reported to retain 

cyclic stability only up to 3000 cycles [5]. Guo et al. [18] reported a specific capacitance of 

929 F.g-1 for NiO microspheres at a current density of 1 A.g-1 with capacitance retention up 

to 88% for merely 2000 cycles. Zeng et al. [19] recorded the specific capacitance for 

NiO/carbon nanodisk electrode as 261 F.g-1 at a current density of 0.25 A.g-1. Han et al. [20]   

have reported the specific capacitance for MOF-derived NiO architectures as 322 F.g-1 at a 

current density of 1 A.g-1, while Kim et al. [21] reported the specific capacitance for NiO/NiS 

hybrids as 386.7 F.g-1 at a current density of 1 A.g-1. Xiang et al. [13] reported specific 

capacitance for NiO/carbon fibers as 929 F.g-1 at a current density of 1 A.g-1, while Qi et al. 

[22] reported specific capacitance of 1280 F.g-1 at a current density of 1 A.g-1 for 

multishelled NiO hollow microspheres. Although, the reported materials have capacitance on 

par with the NiO synthesized in this study, the use of expensive synthesis techniques such as 

chemical vapor deposition, hydrothermal autoclaves or complex synthetic routes serve as a 

limiting factor for their large-scale production and practical applicability. On the contrary, in 

this study the fibrous mesoporous nanosponge-like active Ni1–xO is obtained via a fairly 

simple and scalable method for the first time. More importantly, the encouraging results 

obtained in the present investigation demonstrate that the 4-nba coordinated compound II can 

be effectively utilized to synthesize robust, fibrous, mesoporous Ni1–xO nanosponge with 

excellent specific capacitance and extremely high cyclic stability, with potential application 

as electrode materials in high-performance pseudocapacitors. The next section presents a 

similar set of studies performed on the super porous TiO2, the synthesis and characterization 

of which is already presented in Chapter 2. 

 

5.4.2 Supercapacitor performance of TiO2 catalysts 

TiO2 have attracted a great attention from various fields of researchers because of their low 

cost and excellent stability and also due to its non-toxicity. They are widely studied in the 

field of energy and environment like water splitting, photocatalytic degradation studies, 

supercapacitors, in lithium ion batteries etc. In recent times one dimensional TiO2 has also 

considered to be a promising material for various electrochemical application because of its 
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high specific surface area, chemical stability, nanostucturing effect etc. High surface area 

basically provides diffusion of electrons and ions. However the major limitations of TiO2 are 

poor electrical conductivity which results in low electrochemical activity. Therefore, the 

electrochemical performance of DEG, TU and TBTCU was evaluated using cyclic 

voltammetry, galvanostatic charge discharge study and cyclic stability study.  

 

Figure 5.4 Cyclic voltammogram of the TiO2 samples DEG, TU and TBCTU. 

 

 Cyclic voltammetry study  

The TiO2/acetylene black/PTFE supported on nickel foam electrodes were fabricated (used 

as working electrode), and their electrochemical performances were characterized by cyclic 

voltammetry (CV) and galvanostatic charge/discharge (GCD) measurements. Figure 5.4 

shows the representative CV curve of the TiO2  in the potential window of -0.2 to 0.4 V (vs 

Ag/AgCl) at various scan rates from 5 to 200 mV.s-1 in 6.0 M KOH.  The CV curve exhibited 

EDLC like behavior for all the TiO2 samples. The area under the CV curve was observe to 
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increase as we increase the scan rate from 5 to 200 mV.s-1
.  TBTCU showed slightly high 

area under the CV curve as compared to DEG and TU which indicated more charge storage 

capacity in case of TBTCU. This could be attributed to its high surface area and porosity as 

compared to DEG and TU. In order to confirm this behavior of TBTCU galvanostatic charge 

discharge measurements were carried out which are presented in the next section. 

 

 Galvanostatic charge discharge study 

For all the TiO2 samples a series of charge/discharge measurements were carried out at 

different charge/discharge current densities from 0.5 to 9 A.g-1
 in 6 M KOH solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.5 Galvanostatic charge discharge study of the TiO2 samples DEG, TU and 

TBCTU. 
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Figure 5.5 shows galvanostatic charge discharge study in all the TiO2 samples. It is observed 

that all the TiO2 sample showed EDLC like behavior and with increase in current density 

from 0.5 to 9 A .g-1 there was increase in charging and discharging rates of the electrode. The 

specific capacitance was calculated at 1 A .g-1 for each of the TiO2 samples and the obtained 

specific capacitance are 16.5 F.g-1
, 19.8 F.g-1 and 24.6 F.g-1

. The maximum specific 

capacitance of 24.6 F.g-1
 was obtained for TBTCU which was in good agreement with the 

CV profiles and the literature reports. [23]  

 Cyclic stability study 

The electrode stability was tested using cyclic stability experiments at current density 6 A.g-1 

in 6 M KOH solution for 1000 cycles.  

 

Figure 5.6: Cyclic stability study of TiO2 samples, DEG, TU and TBTCU. 

Approximately 80.7 % specific capacitance retention was observed for TBTCU while that of 

TU and DEG showed  74.2 and 70.3 % specific capacitance retention for 1000 cycles as 

presented in Figure 5.7. The maximum capacitance retention of 80.7 % for TBTCU is 
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attributed to its high surface area along with the porous structure which helps in increasing 

the charge storage capacity of the TBTCU.  

 

Thus, it is evident that, TBTCU shows slightly better performance than DEG and TU which 

could be an effect of its porous structure. Nonetheless, it is to be noted that in spite of its 

extremely high surface area of 238 m2.g-1, its supercapacitor performance is lower by a factor 

of 5 compared to Ni1-xO nanosponge. Therefore, in order to improve the activity of TBTCU, 

its synthesis was modified to incorporate Ni1-xO particles resulting in formation of Ni1-

xO/TiO2 nanocomposites. The details of synthesis and characterization have already been 

presented in chapter 4 and hence only the effect of loading Ni1-xO over TiO2 on the 

electrochemical performance of the composite is discussed in the next section. 

 

5. 4. 3 Supercapacitor performance of Ni1-xO/TiO2 nanocomposites. 

The Ni1-xO-TiO2/acetylene black/PTFE supported on nickel foam electrodes were fabricated 

(used as working electrode), and their electrochemical performances were characterized by 

cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) measurements. Figure 

5.5 shows the representative CV curve of the Ni1-xO/TiO2  in the potential window of -0.2 to 

0.4 V (vs Ag/AgCl) at various scan rates from 5 to 200 mV.s-1 in 6.0 M KOH.  

 

 Cyclic voltammetry study 

For lower percentage loading of Ni1-xO, i.e. 1NT, 3NT and 5NT, the CV graph showed 

EDLC type behavior whereas at higher percentage loading of Ni1-xO i.e 10 NT, 20 NT and 50 

NT, a pair of redox current peaks were observed at 0.19 V and 0.33 V which corresponds to 

faradic oxidation/reduction reaction and represents the pseudocapacitive behavior of Ni1-xO 

Furthermore, as the peak intensity increases with the increasing scan rate, the CV results 

continue to display an obvious pair of redox peaks, suggesting good reversibility of the 

involved faradic reactions. Moreover, along with the increase in scan rate from 5 to 200 

mV.s-1, the anodic peaks shift positively, while the cathodic peaks shift negatively, which are 

attributed to the polarization of the electrodes at higher scan rates. Moreover, as shown in 

Figure 5.5, with an increase in % of Ni1-xO in TiO2, the  area under the CV curve increases 

due to increase in the charge storage capacity of the synthesized nanocomposites (1NT-
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10NT). The greater integral area indicates that the higher % of Ni1-xO enables higher 

electrochemical activity by providing greater percentage of electroactive sites at the 

electrode/electrolyte interface, which can be associated with a richer faradaic reaction, in 

agreement with  the literature reports [24–26]. In order to confirm the above observation, the 

enhancement in electrochemical rates at the electrode interface were studied using 

Galvanostatic charge discharge measurements which are presented in the next section. 

 

 Galvanostatic charge discharge study 

To further examine the pseudocapacitive performance, a series of charge/discharge 

measurements were performed on synthesized electrodes at various charge/discharge current 

densities from 0.5 to 9 A.g-1, as shown in Figure 5.6.  For lower % of Ni1-xO in case of 1NT, 

3NT, and 5NT, the nanocomposite showed EDLC type behavior and as we increase the 

concentration of Ni1-xO from 10 NT to 50 NT it exhibited pseudocapacitive like behavior 

which is in good agreement with the CV results as well as with literature reports [27].  

  

Furthermore, the effect of as the current density is increased from 0.5 to 9 A.g-1, the material 

shows increase in charging and discharging rates while maintaining the nature of the GCD 

curve. This indicates excellent stability of the material even during fast charge-discharge 

process. Furthermore, if the performance of all the composites are evaluated at the same 

current density, it is observed that both charging and discharging time increases from 1NT to 

50NT which confirms that the charge storage capacity of the composite increases as a 

function of Ni1-xO loading. 
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Figure 5.7 Cyclic voltammogram of the synthesized Ni1-xO/TiO2 nanocomposites. 
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Figure 5.8: Galvanostatic charge discharge study of all synthesized Ni1-xO/TiO2 

nanocomposites. 
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Depending upon the discharge rates, the specific capacitance were calculated and tabulated in 

Table 5.3. The obtained values indicates that up to 20% loading of Ni1-xO, the specific 

capacitance values of the composite increases and it almost remains similar or constant up to 

50 NT. This increase cannot be justified based on the surface area of the composites listed in 

Table 5.3. Therefore, such an enhancement in the supercapacitive behavior of the 

nanocomposite could be due to the increase in the electroactive sites in the composite. A 

comparison of the ratio of Ni3+/Ni2+ redox state shows as presented in Table 5.3 shows that 

there is a gradual increase in Ni3+ concentration in the composite with the increase in Ni1-xO 

loading in TiO2. Though the increase in the values is marginal, it gives an indication that the 

Ni1-xO/TiO2 heterostructure could be responsible for the enhancement in the redox states and 

hence the electroactive sites.  

 

 Cyclic stability study 

The cyclic stability analysis was carried out at a current density of 6 A.g-1 in 6 M KOH 

solution for 1000 cycles. Notably, approximately 90 % specific capacitance retention was 

observed for 20 NT and 50 NT nanocomposites while for the rest of the catalyst it varied 

between 78-87% as seen in Figure 5.7.  The observed trend also confirms that with the 

increase in Ni1-xO loading, the stability of the composite is enhanced.  

 

In order to confirm this effect, Ni1-xO/TiO2 mixtures were synthesized by physically mixing 

the two metal oxides and its cyclic voltammetry and galvanostatic charge-discharge study 

was conducted. The results obtained were compared with that of synthesized composites. 

Figure 5.8 and 5.9 shows the CV and GCD results for the physically mixed Ni1-xO/TiO2 

mixtures and synthesized nanocomposites at a scan rate of at 5 mV.s-1 and current density of 

1 A.g-1. The calculated specific capacitance values are compared in Table 5.3 and depicted in 

Figure 5.10. 
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Figure 5.9: Cyclic stability study of all synthesized Ni1-xO/TiO2 nanocomposites. 
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It is clear from the Figure 5.10 that, the as-synthesized Ni1-xO/TiO2 nanocomposite exhibits 

much higher charge storage capacity (> by a factor of 3) as compared to it physically mixed 

counterpart at 50% Ni1-xO loading on TiO2, which confirms that the heterostructure 

formation in synthesized nanocomposites could have a significant impact on the 

electrocactive states which augments the electrode kinetics and charge storage performance 

of the composite. 

  

Catalyst BET 

Surface 

area 

 (± 5 m2.g-1) 

SC (F.g-1) 

(Ni1-xO/TiO2 

Synthesized) 

Ni3+/Ni2+ 

(Ni1-xO/TiO2 

Synthesized) 

SC (F.g-1) 

(Ni1-xO/TiO2 
Physically 

mixed) 

N2 63 1236.8  --- 

1NT 231 30.9 0.82 20.6 

3NT 219 37.0 0.84 20.4 

5NT 183 49.3 0.84 21.6 

10NT 134 147.6 0.86 23.5 

20NT 121 298.5 0.87 52.6 

50NT 90 310.6 0.88 106.5 

 

Table 5.3: Comparative analysis of BET surface area specific capacitance and Ni3+/Ni2+ 

ratio of synthesized and physically mixed synthesized Ni1-xO/TiO2 nanocomposites.  

 

Figure 5.10: (a) Comparative CV and (b) GCD plots of 1-50 % Ni1-xO/TiO2 

nanocomposites at 5 mV.s-1 and 1 A.g-1. 



 

185 
 

 CHAPTER V                                                                                                                   NAIK 2022 

Figure 5.11: (a) Comparative cyclic voltammetry at 5 mV.s-1 (b) Galvanostatic charge 

discharge at 1 A.g-1. 

 

 

 

 

 

 

 

 

 

Figure 5.12: Specific capacitance of 1-50 % Ni1-xO/TiO2 nanocomposites. 

 

5.5 Conclusion 

The present study has evaluated the supercapacitor performance of Ni1–xO, TiO2 and their 

nanocomposites. It has been confirmed that Ni1–xO exhibits much superior electrochemical 

performance as compared to TiO2 catalyst. In spite of a lower surface area of Ni1–xO (N2) as 

compared to TiO2 (TBTCU), the nanosponge-like Ni1–xO exhibits high specific capacitance 

of 1236.8 F.g-1 at a current density 1 A.g-1 along with exceptional electrochemical stability 

even after 10000 cycles and appreciable capacitance retention of 95% at a current density of 

6 A.g-1. This is attributed to improved electrode kinetics as a result of greater electrode–

electrolyte interaction, fast charging- discharging rates within the mesopores facilitated by 

the greater distribution of Ni3+/Ni2+ redox states which results in increased electroactive sites  
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is probably responsible for the superior charge storage performance of Ni1–xO. An 

improvement in the charge storage capacity of TiO2 is observed as the % of Ni1–xO loading 

on TiO2 is increased. The cyclic voltammetry study showed EDLC like behavior for lower % 

loading of Ni1-xO on TiO2 i.e 1NT, 3NT and 5NT. However, for higher % loading of Ni1-xO 

it exhibited pseudocapacitive behavior. The maximum specific capacitance 310 F.g-1 was 

obtained for 50% Ni1–xO loading on TiO2. The activity of as-synthesized 50 NT was further 

confirmed with that of physically mixed 50% Ni1-xO/TiO2 mixture and it was observed that 

the specific capacitance obtained was 106.5 F.g-1 which is lower by almost 3 times compared 

to the former case. Thus, it is concluded that the heterostructure formation in synthesized Ni1-

xO/TiO2 nanocomposites could have a significant impact on the electrocactive sites which 

augments the electrode kinetics and charge storage performance of the composite. 
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CONCLUSION OF THE THESIS 

 

The increasing energy needs and the associated environmental pollution led to the genesis of 

this thesis and the underlying research investigations herein. The demand for highly active, 

smart nanomaterials which can play a vital role in both environmental and energy 

applications were researched in detail. Two independent catalyst systems, namely TiO2 and 

Ni1-xO with unique crystal structures and physico-chemical properties, were identified so that 

their combinations to produce a highly active hybrid catalyst system (Ni1-xO/TiO2) could be 

synthesized.  

TiO2 was chosen to be the primary catalyst for environmental applications mainly due to its 

highly active semiconductor properties, photocatalytic activity and environmental 

compatibility. In spite of the vast research and available literature on TiO2, it was observed 

that its low surface area owing to randomly agglomerated nanostructures leads to 

agglomerate porosity which limits facile reactant diffusion pathways for catalytic 

applications. This problem was addressed in the present thesis via a systematic trial and error 

method. Firstly, mesoporous anatase TiO2 catalysts were synthesized using reflux assisted 

sol-gel method. The effect of urea on surface area of TiO2 was investigated. TiO2 synthesized 

using Ti:U ratio of 1:8 exhibited highest surface area of 186 m2.g-1 with pore size of 7.5 nm 

and pore volume of 0.35 cc.g-1 thus confirming the role of urea in inducing porosity in TiO2. 

In addition to this, the effect of different carboxylic acids as SDA on pore size distribution 

and surface area of the TiO2 was investigated. It was confirmed that with the increase in the 

number of –COOH groups in the SDA, the porous TiO2 with wider pore size distribution are 

formed. This porosity was primarily due to the randomly oriented agglomerated 

nanoparticles. The stronger interaction between the carboxylate groups and Ti4+ also led to 

longer calcination time for their complete removal from the titanium hydroxide gel. Such 

increased heat treatments probably lead to a partial collapse of pore structure in TiO2.  

The above results led to the formulation of an innovative strategy, which included a suitable 

combination of carboxylic acid with urea as a mixed SDA, which assisted in facile removal 

of carboxylic acids during combustion while preserving the porous structure. Thus, further 

assisting in tailoring the agglomerate porosity into structurally robust, ordered mesoporosity 
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especially in the case of TTCU and TBTCU. Structurally robust mesoporous TiO2 with a 

highest surface area of 238 m2.g-1, and average pore size and pore volume of 4.8 nm and 0.84 

cc.g-1 was obtained using butanetetracarboxylic acid and urea as SDA. All the synthesized 

TiO2 catalysts were tested for adsorptive removal of Amaranth dye from water and 

subsequent kinetic modeling analysis were performed. These analysis revealed that 

Amaranth adsorption on all the synthesized TiO2 obeyed Sips adsorption model and the 

maximum adsorption capacity of 87.8 mg.g-1 was obtained for TBTCU which was greater 

than PT by a factor of 2. Furthermore, TBTCU also exhibited the highest Amaranth dye 

photodegradation efficiency of 95.6 % (in 15 minutes) with a rate constant of 2.05 × 10-1 

min-1, which is the best photocatalytic Amaranth degradation performance reported till date 

in the literature. This enhanced adsorptive separation capacity and increased photocatalytic 

activity of TiO2 was attributed to the highly robust, ordered mesoporous nature and high 

surface area of TiO2. 

 

A detailed literature survey on Ni1-xO concluded that it is one of the prominent materials with 

potential for application in energy storage devices. However, its electro-corrosion issues limit 

its utilization in the industrial sector. Furthermore, its applicability in photocatalysis in 

particular for environmental remediation of organic pollutants, is extremely limited due to its 

wide band gap and photo-corrosion effects. In order to improve the stability and applicability 

of Ni1-xO in photocatalysis, attempts were made to design simple and scalable methodologies 

to produce highly porous Ni1-xO nanostructures. In this study, it was demonstrated that 

ligands such as p-nitrobenzoic acid and imidazole are highly effective in tuning the 

nanostructural growth of Ni1-xO into nanosponge and nanoflake-like morphologies, 

respectively.  

Detailed material characterization revealed that a pure cubic phase of Ni1-xO with a band gap 

of 3.3 to 3.5 eV was achieved. A sponge-like Ni1-xO with 3D interconnected porous network 

could be obtained by controlled combustion of [Ni(H2O)4(4-nba)2].2H2O compound leading 

to a nanosponge-like morphology with a highest surface area of 63.67 m2.g-1 as compared to 

other synthesized Ni1-xO catalyst. Furthermore, the Amaranth dye adsorption studies on all 

synthesized Ni1-xO followed the Sip adsorption isotherm model with a maximum adsorption 
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capacity of 75.0 mg.g-1. The adsorption kinetics followed the pseudo-first-order kinetic 

model for all the synthesized Ni1-xO. The photocatalytic degradation of Amaranth dye 

followed the Langmuir- Hinshelwood mechanism and exhibited the highest degradation of 

93.8 % within 70 minutes with a maximum rate constant of 4.04 × 10-2 min-1 (at pH = 5.6). 

The results of stability analysis also proved that the nanosponge-like porous structure 

facilitated easy migration of charge carriers, thus partially improving catalyst stability. 

Though the activity of the synthesized Ni1-xO was lower in comparison to TiO2, a significant 

improvement in its activity was achieved as compared to pristine Ni1-xO. Furthermore, the 

simplicity of this synthesis strategy could further pave the way for the industrial scalability of 

Ni1-xO catalyst for varied applications.  

The findings of the above two studies were amalgamated to device a new simple strategy to 

produce Ni1-xO/TiO2 nanocomposite catalyst. The composite catalyst was synthesized using a 

hybrid gelatinous mixture of Ti(OH)4, urea, butanetetracarboxylic acid and nickel p-

nitrobenzoic acid via reflux assisted sol-gel method. The effect of Ni1-xO loading on 

morphology, surface area, and non-stochiometry of Ni1-xO/TiO2 nanocomposites was 

investigated.  It was concluded  that as we increase the Ni1-xO   loading on TiO2 (0-50 wt %) 

the surface area tends to decrease from 231 m2.g-1 to 90 m2.g-1 while the pore size and pore 

volume also decreases with the increase in Ni1-xO loading. This effect was attributed to the 

increased sintering of the particles at higher 4-nba concentrations, partly reducing the pore 

size with simultaneous incorporation of Ni1-xO particles into the pore wells. Further, the non-

stochiometric analysis of all the synthesized Ni1-xO/TiO2 nanocomposites showed a slight 

increase in Ni3+ content in the nanocomposites as the Ni1-xO loading on TiO2 is increased.   

The Amaranth dye adsorption capacity of the composite catalyst was found to decrease with 

the increase in Ni1-xO loading in the composite with a maximum adsorption capacity of 84.5 

mg.g-1 in case of 1NT. This trend was attributed to the decreases in the surface area of the 

composite catalyst. Interestingly, the 1% and 3 % Ni1-xO/TiO2 composites exhibited better 

photocatalytic activity as compared to the synthesized TiO2, Ni1-xO, and commercial Degussa 

P25. The 3% Ni1-xO/TiO2 nanocomposites exhibited the highest Amaranth dye degradation 

efficiency of 97 % with the rate constant of 1.628 ×10-1
 min-1 (at pH = 5.6) within 20 minutes 

of irradiation,  which was comparatively higher than TBTCU (92.3 % degradation efficiency 
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in 20 minutes) with a rate constant of 1.218×10-1
 min-1 at pH = 5.6) in spite of the lower 

surface area in the former case. The enhanced photocatalytic activity is attributed to the 

synergistic effect of reduction in bandgap, and greater charge carrier separation possibly due 

to the formation of a p-n heterojunction at the interface of mesoporous Ni1-xO and TiO2. 

Furthermore, qualitative analysis of Amaranth degradation using LC-ESI-MS led to 

identifying some novel products such as sodium 4-aminonaphthalene-2,7-disulphonate, 

sodium 3, 4-dioxo-3,4-dihydronaphthalene-2,7-disulphonate, trihydroxynapthalene-2-

sulfonic acid, 2-hydroxy succinic acid and 2-hydroxy malonic acid which were reported in 

this study for the very first time. Two reactive species dominating the surface of the p-n 

heterojunction namely, O2˙-  and h+ played a major role in effectively degrading the 

Amaranth dye. Thus, it can be concluded that all the above investigations led to the designing 

of novel strategies to effectively produce hybrid p-n junction photocatalyst of high catalytic 

activity for mitigation of dye pollutants from wastewater. 

From the outset, the primary aim of this thesis was to design, synthesize, characterization a 

highly active material that can have significant activity and applicability in both the 

environmental and energy sector. Therefore, the best of the synthesized catalyst, namely, 

TiO2, Ni1-xO and Ni1-xO/TiO2 were further evaluated for their energy storage performance in 

supercapacitor devices. In this study, it was confirmed that Ni1–xO exhibits superior 

electrochemical performance as compared to TiO2 catalyst. In spite of a lower surface area of 

Ni1-xO as compared to TiO2, the nanosponge-like Ni1–xO exhibited extremely high specific 

capacitance of 1236.8 F.g-1 at a current density 1 A.g-1 along with exceptional 

electrochemical stability even after 10000 cycles and appreciable capacitance retention of 

95% at a current density of 6 A.g-1. This high activity was attributed to the improved 

electrode kinetics as a result of greater electrode–electrolyte interaction due to the 

mesopores, fast charging-discharging rates facilitated by the greater distribution of Ni3+/Ni2+ 

redox states, which resulted in increased electroactive sites. All these factors together 

contributed to the superior charge storage performance of   Ni1–xO.  An improvement in the 

charge storage capacity of TiO2 was observed as the % of Ni1–xO loading on TiO2 was 

increased. The cyclic voltammetry study showed EDLC-like behavior for TiO2, which 

persisted even in 1NT, 3NT and 5NT. However, for higher % loading of Ni1-xO, it exhibited 

pseudocapacitive behavior. The maximum specific capacitance of 310 F.g-1 was obtained for 
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50% Ni1–xO loading on TiO2. The activity of as-synthesized 50 NT was further confirmed by 

comparing it with that of a physically mixed 50% Ni1-xO/TiO2 mixture, which had a lower 

capacitance by almost three times compared to the former case. Thus, it is concluded that the 

hetero-junction formation in synthesized Ni1-xO/TiO2 nanocomposite could have increased 

the surface distribution of redox states (Ni2+/Ni3+/Ti4+). This increase in the electroactive 

sites, therefore, augmented the electrode kinetics and hence the charge storage performance 

of the composite catalyst. Therefore, it can be concluded that this thesis made an honest 

preliminary attempt to synthesize a highly active superporous TiO2, Ni1-xO nanosponge and 

Ni1-xO/TiO2 composite nanocatalysts which are highly efficient in photocatalytic mitigation 

of organic azo dye pollutants as well as, can store high electrochemical energy for device 

scale application in supercapacitors. 
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Appendix I 

 

Mass spectra of Amaranth degradation products identified using LCMS analysis 

 

 

 

 

 

 

 

SF1: Peak corresponding to m/z = 370 

 

 

 

 

 

 

 

SF2: Peak corresponding to m/z = 406 

 

 

 

 

 

 

 

SF3: Peak corresponding to m/z = 274 
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SF4: Peak corresponding to m/z = 279 

 

 

 

 

 

 

 

SF5: Peak corresponding to m/z = 198 

 

 

 

 

 

 

 

SF6: Peak corresponding to m/z = 244 
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SF7: Peak corresponding to m/z = 172 

 

 

 

 

 

 

 

SF8: Peak corresponding to m/z = 143 

 

 

 

 

 

 

 

SF9: Peak corresponding to m/z = 152 
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SF10: Peak corresponding to m/z = 117 
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ST1: List of products of photocatalytic degradation of Amaranth dye. 
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