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Abstract 

The metal oxides/composite nanostructures (MnO2, rGO/MnO2, NiO, and CuO) have 

been synthesized via hydrothermally and chemical precipitation process. The prepared 

metal oxides/composites were characterized by XRD, FTIR, Raman spectroscopy, 

SEM, EDS, TEM, BET and DRS. The Adsorption and catalytic properties of the 

catalyst were tested on aqueous solutions containing mono- and multiple dyes, and the 

optimized process conditions were also established.The results indicate that dye RB-5 

exhibits superior removal/degradation percentage using the process of adsorption and 

Fenton, as compared to the photo catalysis. The removal rates of RB-5 from 

wastewater treated using MnO2, rGO/MnO2, US/rGO/MnO2, catalyst were 63%, 84%, 

and 95% respectively, using Fenton/sono-Fenton method. NiO NPs found to be 

efficient adsorbent for RB5 dye molecules at higher annealing temperature.  It is 

correlated to the band gap and surface area. Also, RB5 adsorption on NiO NPs 

follows second-order kinetics. CuO NPs were used as a photo catalyst to degrade 

various dyes, such as methylene blue (MB), acid yellow 23 (AY-23) and reactive 

black 5 (RB-5), with a low concentration in the presence of visible light. The results 

show that the highest degradation achieved was 67.8% and 66.3% for RB-5 dye and 

AY-23 dye, while 43.5% for MB dye from aqueous solution at 5h illumination.The 

enhanced catalytic performance of metal oxides/composites towards dye 

removal/degradation is found to be related to its structural and chemical properties. 

The decomposition products of RB-5 identified using GC–MS technique revealed a 

higher production rate of fragments in the sono-Fenton process. The kinetics of the 

reactions were investigated using batch assays. The supercapcitor electrodes 

fabricated using NWs of MnO2, rGO-MnO2,and Sn@rGO-MnO2 reveal the specific 

capacitance of 139.05, 309.7 and 460.9 F/grespectively at a scan rate of 20mV/s, in an 

aqueouselectrolyte Na2SO4 (1 M). The electrochemically prepared silicon nanowires 

were tested as an anode in Li-ion battery. The charge capacity of the anode is 

~3452.47 mAhg-1 at the first cycle with the coulombic efficiency of 85.8 %, and faded 

to 1134.34 mAhg-1 with coulombic efficiency of 81.6 % after the 12th cycle at a 

current rate of 1C. 
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Chapter 1 

INTRODUCTION 

This chapter describes the general introduction of the thesis. The part of it includes an 

overview of catalysis with heterogeneous catalysts, such as various metal oxides and 

carbon related materials, along with preparation methods and characterization 

techniques. The remaining part of it is the overview of various industrial dyes along 

with various advanced oxidization methods. Brief discussion of experimental 

techniques used in the present work is also included. 

 

1.1 Overview of catalysis  

During the period of 19th century, the word catalysis remained greatly disputed till 

about 1900; Wilhelm Ostwald, presented convincing descriptions using kinetic 

concepts. In 1909, he received the Nobel Prize in chemistry for his contribution to 

catalysis and reaction kinetics (Gorin 1994). Nowadays, catalysis has a remarkable 

effect in our daily life and also industrial processes.    

Catalysts are substrates that alter the rate of a chemical reaction without undergoing 

any change in it. In addition to the increase in the activity of the chemical species, 

catalyst offers a remarkable selectivity towards the certain desirable reaction reagents. 

Frequently, this higher selectivity is of more importance than increased reactivity, 

since a greatly selective route reduces the creation of waste intermediates (Moulijn et 

al. 1993). 

Based on the phase of the reactant and the catalyst, they can be classified into two 

groups, namely - homogeneous and heterogeneous catalysis. In homogeneous 

catalysis, both reactant and the catalyst are at the same phase (eg, Ziegler Natta 

polymerization), but they are in different phases in the heterogeneous catalysis. 

Heterogeneous catalysis offers several advantages over the homogeneous catalysis 
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such as easy separation of products from the catalyst and more stable catalyst etc. 

Heterogeneous catalyst can either be semiconductor or metal or their oxides, which in 

turn may be amorphous or crystalline. Each kind has its own advantages and 

disadvantages based on their application. The efficiency of heterogeneous catalyst 

depends on its selectivity, activity, reproducibility, surface area and crystallinity 

(Choplin and Quignard 1998). 

 

1.2 Metal Oxides as Catalysts 

Transition metal oxides reveal one of the most significant and widely used categories 

of heterogeneous catalysts either as an active substrate or as support. The versatility of 

the use of oxide systems can be seen in many organic reactions like oxidation, 

hydrogenation, dehydrogenation, condensation, cracking, isomerisation and alkylation 

etc (Cavani and Trifiro 1999). Hence, oxide catalysts are important from the 

commercial point of view and have been used for manufacturing many valuable 

products. 

Classifying metal oxide catalysts is tedious to a certain extent, since it involves a 

variety of crystal structures and compositions, along with wide range of 

physicochemical properties. Oxides have an ability to bring about electron- and 

proton- transfer and they can be used in both redox and acid base reactions. Some of 

the oxides have both acidic/basic properties; these are normally oxides of weakly 

electropositive metals like MnO2, NiO, CuO, etc. The other type of oxides, which are 

commonly used in oxidation reactions and photocatalysis, are semiconductor or 

conducting oxides, like reduced graphene oxide (El-Safty et al. 2008) (Cheng et al. 

2009) (Sheikh et al. 2016). 

 

(a) MnO2 

Manganese oxide is a most plentiful mineral in the earth’s crust and consists spinel, 

layered, and tunnel forms. Among these, the tunnel types are constructed of several 
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(single, double, or triple) chains of n × m MnO6 octahedrasuch as todorokite (3 × 3), 

romanechite (2 × 3), hollandite (2 × 2, α-MnO2), ramsdellite (1 × 2, γ-MnO2) and 

pyrolusite (1 × 1, β-MnO2) (Kucza 2002). Fig. 1 depicts the structure of α-MnO2, 

where red balls are O2 and purple Mncan be assembled by sharing edges and/or 

corners into octahedra and then createa densely packed wall to the a 2 × 2 tunnel 

along the c-axis (Tompsett and Islam 2013). It consists the tetragonal space group 

I4/m. 

 

Fig. 1.1 A unit cell representation of manganese oxide. 

(b) NiO 

NiO is available as mineral, bunsenite in nature. NiO crystallizes in "NaCl" structure 

with a lattice constant of a0 = 4.17 Å (Sato et al. 1993). As illustrated in Fig. of 1.2, it 

is a simple cubic with octahedral Ni (II) and O2− sites, wherein an anion at the corner 

of the cube and the cation in the middle of the cube (and vice versa). The NiO 

structure can be regarded as two interpenetrating FCC lattices. Each lattice point has 6 

nearest neighbours of opposite charges, the so called rock salt structure and inter 

atomic distance is ~1.94+0.05 Å in the p (2×2) phase (Saleh 2013). El-Kemary et al. 

(2013) reported that NiO NPs are much more effective catalyst or adsorbent due to its 

excellent durability, high photosensitivity, and high adsorptive affinity. 
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Fig. 1.2 A unit cell representation of nickel oxide. 

(c) CuO 

Copper (II) oxide is known as tenorite. It is a monoclinic unit cell (space groupC2h
6-

�2/c) with the unit cell vectors of c = 5.1288 Å, b = 3.4226 Å, a = 4.6837 Å and 

crystallographic angles of γ = 90°, β = 99.54° and α = 90°. The atoms coordination is 

that each atom has four nearest neighbours of the other kind. For example, in the 

(110) plan (as depicted in figure I.3), where sky blue are Cu atom and red oxygen 

atoms with 1:4 ratio can be assembled into tetrahedron configuration (\AAsbrink and 

Norrby 1970).  

 

CuO has attracted extensive attention as visible photo catalyst due to its low band gap. 

Evidently, recent work is reported by Rao et al. 2017 predicted that preparation of 

CuO nanostructures via chemical precipitation route, found to have efficient 

photocatalytic activity towards dye (tartrazine) degradation under visible light 

irradiation.  
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Fig. 1.3 A unit cell representation of copper oxide. 

 

Table 1.1  Basic physical properties of metal oxides 

Properties MnO2 NiO CuO 

Appearance Brown-black 
solid 

green crystalline 
solid 

black to brown 
powder 

Molar mass 86.9368 g/mol 74.6928 g/mol 79.545 g/mol 

Density 5.026 g/cm3 6.67 g/cm3 6.315 g/cm3 

Melting point 535 °C 1,955 °C 1,326 °C 

Solubility in water insoluble negligible insoluble 

 

 

1.3 Doped Metal Oxide as Catalysts 

Sometimes metal oxides are not active enough to achieve the highest catalytic 

performance. To overcome the above limitation, doping with suitable heteroatom is 

required, as metal-support interaction helps to change the electronic and chemical 

properties, thus helps to accomplish the desired performance. For instance, carbon 
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materials, like graphene oxide, can be chosen for doping the metal oxide. The 

presence of carbon ions in the metal oxide, strongly influences physical properties by 

tuning the synergy between the metal and oxide ions (Chen et al. 2010). The physical 

properties like dislocation density, surface area, and agglomeration might play a 

crucial role in the efficiency of degradation of organic pollutants or water splitting 

reactions. 

(a) Reduced Graphene oxide 

Reduced graphene oxide (rGO) is a non-stoichiometric, with less oxygen content and 

can be obtained from graphite, a low-cost starting material, that is found as flakes or a 

powder with diverse particle sizes. It is also highly transparent (97.3%) and extremely 

lightweight (Dresselhaus and Araujo 2010). As shown in Fig.1.4, rGO contains of a 

single atomic layer of sp2-two dimensional hybridized carbon molecules connected in 

a honeycomb crystal lattice and every carbon atom in graphene oxide is covalently 

bonded to three adjacent carbon atoms. The layers are distorted and the space between 

the two successive layers in rGO is larger (~0.7 nm) than the interlayer spacing in 

graphite (0.355 nm). Graphene oxide is a building block for other carbon/metal-based 

materials due to the large π network across the molecular structure. Hence, it can be 

wrapped up on the 1D metal oxide nano structures (Novoselov et al. 2005). 

 

Fig. 1.4 Image of reduced graphene oxide 

1.4  Overview of dyes 

Dyes are known as substrates that provide color and will not fade their color affinity 

when exposed to water, light and any chemical substances (Rai et al. 2005). Azo dyes 

are the most important class of dyes and characterized by the existence of two 

nitrogen atoms (–N=N–). The 'azo' dyes have wide variety, namely basic, acidic, 
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reactive, mordant, direct, disperse, solvents or food dyes. Azo colorants offer high-

intensity colors (Shaul et al. 1991). Among them, reactive black 5, methylene blue, 

acid yellow 23 are much familiar due to their special features, such as solubility, good 

fastness and easy attachment to the matrix (Garg et al. 2016)(Sahoo et al. 

2012)(Merlain et al. 2016).  

 

(a) Reactive black 5 (RB-5)  

RB-5 is a anionic dye with the chemical formula of Na4O19S6C26H21N5 and molar 

moss  991.83 g/mol. It can be detected with an absorption peak at a wavelength of 596 

nm in the electromagnetic spectrum. It is a odourless, black powder at ambient 

conditions. Reactive colorants contain a low utilization degree compared to other 

types of colorants because their chemical groups react with water and 

causing hydrolysis. 

 

Fig. 1.5 Image of RB-5 

 

 

(b) Methylene Blue (MB) 

MB is a cationic type dye with a chemical formula: C16H18ClN3S and a molar mass of 

319.85 g/mol. It can be detected at a absorption wavelength of 664 nm in the 

electromagnetic spectrum. MB is a solid, odorless, and dark green in complexion at 

ambient conditions and changes its complexion to blue when dissolved in water. MB 
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contains 3 molecules of water per one unit in its hydrated form with pH = 3 in water 

(10g/L) at 25 °C (77 °F). 

 

Fig. 1.6 Image of MB 

 

(c) Acid Yellow 23 (AY-23) 

 

AY-23 is an anionic dye type with the chemical formula C16H9N4Na3O9S2 and a molar 

mass 534.37 g/mol. It is measurable at an absorption wavelength of 432 nm in the 

electromagnetic spectra.AY-23 is apparent as solid, odorless, orange-yellow in 

complexion and changes its complexion to light yellow, when dissolved in water. It is 

an azo dye with two sulfonate groups and one carboxylate group. 

 

Fig. 1.7 Image of AY-23 

These colorants are extensively used in the various industries because of their 

excellent bath stability, high degree of exhaustion and very high wash fastness 

properties. Their chemical species are capable of forming covalent bonds with 

nucleophilic orhydroxyl groups of the matrix during dying/coating process. In that 

regard, the dye-matter reaction varies from 90 to 50 %, and the remaining unfixed dye 

material is washed off. Therefore, a considerable quantity of these colorants can be 

directly released into wastewater. These colorants are toxic and problematic to aquatic 

and human life. 
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In order to decolorize the wastewater, different route, such as chemical, 

electrochemical, biological and physical methods have been invented. Among these, 

advanced oxidation process (AOP) have a significant attention, due to its special 

features like efficiency, environmental-friendly, and cost-effectiveness for treating 

dye-contaminated wastewater.  

 

1.5  Catalysis methods 

(a) Adsorption  

It is a surface process of collecting chemical species at the surface of the solid phase, 

which arises due to the existence of residual or unbalanced forces at the surface of 

liquid/solid. These forces have a tendency to interact with the chemical species and 

deposits on the solid surface. This process takes place via two components, such as 

adsorbate and adsorbent. Adsorbent is the solid on the surface of which adsorption 

occurs. Adsorbate is the solute which is being retained on the surface of adsorbent 

(McKay 1995).  

 

(b) Fenton process  

The Fenton process has been discovered by achemist, Fenton in 1894; however, the 

attention in this procedure is renewed due to it’s capability to degrade toxic pollutants 

such as organic pollutants and their derivatives (FentonH 1894). It is an ionization of 

metal or metal oxides, when they interact with oxidant, like hydrogen peroxide in an 

aqueous solution. This is one of the easy techniques for decolorizing wastewater, 

without longer duration and expensive chemicals. Additionally, disposal water treated 

with Fenton process is not problematic as Mn, rGO and their composites are a 

plentiful and not toxic elements, while H2O2 is environmentally safe and easy to 

handle (Saputra et al. 2013). 

     It possesses three processes such as adsorption, oxidation, and desorption. Initially, 

hydrogen peroxide molecules adsorb on the catalyst and disintegrate into free 
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primitive species. The generated free radicals have the high oxidative capability to 

break the adsorbed effluents. Likewise, more effluent molecules could transfer from 

the suspension to the catalyst and later be mineralised to smaller components. The 

obtained small components from the aqueous solution would leave the catalyst 

surface by desorption, which results in recovery of catalyst (Haber and Weiss 1934).  

 

Fig. 1.8 Image of Fenton process 

 

(c) Sonolysis 

Sonolysis facilitates to understand the effect of ultrasound in the aqueous solution. 

When sound waves propagate via a solution, at higher frequencies with a wavelength 

larger than the bond length of thewater molecule, massive energy begins to build-up 

inside the cavitation bubble, inducing localized high temperatures and pressures. The 

thermal dissociation of water molecules in the solution leads to creation of primary 

and secondary radicals. The resultant radicals can be mixed with bulk liquid, where 

they can intimate and promote hydroxylation reaction leading to decomposition of 

colorants (Jensen 1996).   

 

(d) Photo catalysis 

      This process also activates catalysts, when its band gap is less than the absorbed 

photon energy. It generates the opposite charge careers in the catalyst such as electron 

(e−) and hole (h+). The negatively charged electrons are in conduction band are good 

reductants, whereas positive charged holes in valence band are good oxidants (Eq. 1). 

Thereafter electrons react with atmospheric oxygen to produce superoxide anion 
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radical (Eq. 2), meanwhile holes react with water molecules to produce the hydroxyl 

radicals (Eq. 3). These radicals are mainly responsible for the attacking of dye 

molecules, which adsorbed or close to the catalyst surface (Eq. 4).  

                   Catalyst + hν → catalyst (e-
CB + h+

VB)                                        (1)  

                   e-
CB + O2 → O2

-•                                                                         (2)  

                   h+
VB + H2O → OH•+H+                                                              (3)  

                   Dye+ O2
-• + OH• →CO2 +H2O + other intermediates               (4) 

 

Thereafter, they can be involved in the redox reactions with water and oxygen 

molecules. The resulting radicals are extremely reactive to oxidize colorants into the 

minor products (Maruska and Ghosh 1978).  

 

Fig. 1.9 Image of photocatalysis 

In photocatalysis, the efficiency of the catalyst could be predicted through a number 

of reactions occurring per photon absorbed on it. It depends on the rate of migration, 

the density of energy levels in the catalyst and charge generation rate. The charge 

generation rate is decided by the irradiation conditions such as photon energies, flux 

and related to properties such as surface area, optical band gap, and crystallite size. 

The fate of charge carriers determine the reactions that occur both within the particle 

and on its surface (Rajeshwar 1995). 

 



24 
 

1.6 Over view of charge storage devices 

1.6.1 Lithium ion Battery 

Batteries are charge storage devices that can interchange energy between chemical 

and electrical forms via redox reactions. At the end of 18th century, Italian  physicist, 

Alessandro Volta discovered battery for the first time. Thereafter a different series of  

battery devices have been invented (Song et al. 1999). Lithium (Li) is well known 

material in battery devices, because of its special features such as highest operation 

potential, high specific capacity, and light weight. Upon constant charge transfer, 

dendrites were created on Li, hence, hence Li is not broadly employed as electrode. 

This led to the innovation of Li battery using carbonaceous material, in which Li ions 

could be intercalated/deintercalated through electrochemical reactions (Zhang 2011). 

 

 

Fig. 1. 10 Comparison of battery technologies including gravimetric energy densities 

and volumetric energy densities. 

 

        Among all conventional batteries such as nickel metal hydride, nickel acid, 

nickel oxide hydroxide  nickel cadmium, and other popular rechargeable batteries, 

LiBs batteries are regarded as most familiar because of their high operating voltage, 

 light in weight, high energy density and electrochemical stability (Etacheri et al. 

2011). Generally, carbon and polymers are utilized as an anode material in Li-ion 

Batteries (Wu et al. 2011, Meyer 1998) but they poses a limitation leading to further 

improvement in the specific capacity. Si has been chosen as alternative, owing to its 
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highest theoretical capacity (~4200 mAh·g-1). During last decade, a large amount of 

research has been done on the bulk Si but rather limited work on the preparation of 

Silicon nanostructures with proper alignment and their integration into higher 

performance of LIBs (Su et al. 2014a). 

 

1.6.2 Battery working principle 

 

Fig. 1.11 The lithiation and delithiation process in Silicon Anode of Lithium ion 

battery. Each Silicon atom can hold 4.4 lithium ions when it is fully charged. 

 

When the two electrodes, anode and cathode are immersed in the electrolyte, one of 

them will liberate electrons and the other will gain electrons. The gain or lose of 

electrons depends upon the electron affinity of the electrode. The electrode with high 

electron affinity will liberate electrons to the positive ions or electrode with low  

electron affinity gain the electrons from the negative ions of the electrolyte solution. 

In most practical battery devices, a separator is also inserted between two electrodes 

to prevent them from physically touching each other since they are usually in very 

close physical proximity. During charging, the Li ions move from cathode to the 

anode through the reduction, this process is called lithiation. Hence the electrical 

energy is converted into chemical energy. On the other hand, when the battery is 

discharged, Li ions travel from anode to the cathode through oxidation, this process is 
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called delithiation. During the discharge, the chemical energy is converted in to the 

electrical energy. 

 

1.6.3 Silicon nanostructures 

The first work on silicon nanostructures (nanopores or nanowires) was reported by 

Wagner and Ooherty (1968). They managed to grow silicon nanostructures using the 

Vapour Liquid Solid (VLS) mechanism using gold as the catalyst. Generally Si 

nanostructures are either ’grown’ or etched. Growth can be initiated using a 

nucleation center (for example a catalyst) and a precursor material. Etching refers to a 

process, where material is removed locally to create nanowires and nanopores. Si 

nanowires are studied widely for their potential applications in battery. Nevertheless, 

there have been a few discussions on the physical properties of the Si NWs. 

 

1.6.4 Super capacitors  

Super capacitors are of considerable interest because they deliver more power than 

batteries and store more energy than common capacitors. A characteristic schematic 

of the supercapacitor is depicted in Fig.1.12. Like capacitors, super capacitors are 

built-up from two highly porous electrodes, which are separated by a dielectric 

membrane. When the external potential is applied between the electrodes, opposite 

charge careers gather on their surfaces. Meanwhile, electrolyte ions travel into the 

pores of the electrodes. It leads a double layer at each electrode. Pseudo capacitance 

can be developed, when adsorbed ions out of the electrolyte penetrate the double-

layer. The performance of super capacitors depend on the electrolyte, distance 

between electrodes, surface area and structure of electrodes (An et al. 2001). 
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Fig. 1.12Image of a super capacitor. 

 

1. 7 Preparation methods                                                       

Metal oxides, mentioned above, have been synthesized using different methods such 

as hydrothermal, chemical precipitation and Modified Hummer’s method, because 

they are a low–temperature process giving better microstructural control of metallic 

particles, superior homogeneity, and purity, uniform particle distribution, high yield 

and specific surface area,  and is most importantly cost effective.  

(a) Hydrothermal process 

It was introduced firstly, by a British geologist, Roderick Murchison in about 1840, to 

reveal the role of water at prominent pressure and temperature in the earth’s crust 

leading to the creation of different minerals and rocks. Afterwards, the hydrothermal 

process was employed to grow the single crystals (Prakasam et al. 2015).Typically, 

the growth of crystals is carried out hydrothermally in a steel pressure vessel, in 

which a variety of nanostructures can be produced. A temperature gradient is 

developed along the opposite ends of the steel vessel. Initially, nutrient solute which 

is soluble at the hotter end, deposits on a seed crystal at the cooler end, growing the 
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desired crystal. In this present work, the aqueous reaction mixture was taken in an 

autoclave (Hydrothermal Autoclave, Tech Lab Instruments Co., Kottur, Chennai) 

heated to temperature of 130-200 οC at high vapor pressures (0.3 – 4 Mpa) with a 

volume of 100 mL for 12 h in air. 

 

Fig. 1.13 Image of hydrothermal method 

 

 

Fig. 1.14 Experimental set-up for the hydrothermal process 
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(b) Chemical precipitation 

      It is a process in which, solid products are away from a reaction mixture, either by 

converting the products into an unsolvable form or by varying the concentration of the 

solvent to weaken the solubility of the reagent in it. It contains several parts: rapid 

mix, sedimentation, and filtration. Rapid mix combines the coagulants with the inflow 

water, the sedimentation process functions to lower the turbidity through settling and 

resultant metal contaminants are separated by filtering in the form of metal 

hydroxides or metal carbonates. Here, solubility is a factor that determines the 

removal performance of target contaminants in the water, that varies as complex 

conditions, such as temperature and solution ionic strength (Reynolds 1933).  

 

Fig. 1.15 Image of chemical precipitation process 

 

(c) Thermal decomposition method 

It is known as a thermolysis, in which solid products could be decomposed chemically 

through heat. During the thermal decomposition, there arise physical and chemical 

changes in materials due to the evolution of volatile matter. This method is most 

suitable to synthesize metal oxides, example NiO, and its composites because it 

provides better homogeneity, low processing temperature, controlled stoichiometry, 

control over the particle size of the crystallites, inexpensive, flexibility of creating 

dense nanoparticles or nanosheets (Galwey and Brown 1999). 
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(d) Hummer’s method 

Modified Hummers method is used to synthesize of graphite oxide (or graphene 

oxide). It involves an additional pre-oxidation step. Hummers method as a safer, 

faster and more efficient method for graphite oxide synthesis was first reported in 

1958. After the discovery of graphene in 2004, people gradually noticed graphite 

oxide can be exfoliated into single-layered graphene oxide simply by ultrasonication 

in water as shown in Figure 6. Typically in Hummers method, natural graphite flakes 

(or powders) are oxidized into graphite oxide with conc. H2SO4, NaNO3, and KMnO4 

at 35 °C (Chen et al. 2013).  

 

Fig. 1.16 A Schematic representation of green reduction of graphene oxide via 

modified Hummers method. 
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Fig. 1.17 Image of rGO solution prepared in the laboratory. 

 

(e) Electrochemical etching 

Electrochemical etching is considered a simple and versatile route to grow a variety of 

Si NSs from silicon wafer. The electrochemically etched Si NSs are featured with 

outstanding physical properties such as low level of defects, high surface-to-volume 

ratio and high crystalline quality. In addition, the produced Si NSs can be precisely 

controlled via various etching factors such as time, applied current density, 

illumination intensity, temperature and concentration of the electrolyte etc. Typically, 

among these parameters, the current density and etching time are critical parameters, 

which lead to precisely ordered arrays of NSs with uniform growth. Hence, the 

etching time and current density must be enlarged as macrostructure grow in order to 

get vertical and well-defined NSs from up to down. For these reasons, 

Electrochemical etching of silicon has become an alternative route to conventional 

etching methods. 
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1. 8 Characterizations 

(a) X-ray Diffraction (XRD) 

XRD analysis was carried out to investigate the crystallinity of the solid products. The 

crystalline phases of the products were identified using a Panalytical diffractometer 

(Rigaku miniflex 600, Japan, X-ray tube-Toshiba A-21, Panalytical PW22XX) 

connected with a copper anode (Kα = 1.540598Å). The 2θ range of 10 to 80° with a 

step size of 0.02° was used. Then, the obtained data were evaluated using either 

International community for diffraction data (ICDD) or diffraction standard patterns 

in Joint Committee for Powder Diffraction Standard (JCPDS) files. At maximum 

diffraction peak, the average crystallite size and dislocation density in the prepared 

products are estimated using Debey-Scherrer (Holzwarth and Gibson 2011), and 

Smallman’s and Williamson formula (Williamson and Smallman 1956) respectively.    

                                  D = Kλ/βCosθ                                                          (5) 

                                  δ = n/D2                                                                    (6)             

where D is the average crystallite size (nm), K is the shape factor which is identical to 

0.9, λ is the X-ray wavelength, 0.154 nm for Cu Kα radiation, β is the line width at 

half of the peak intensity (radians), θ is the angle of the peak (degrees), δ is the 

dislocation density, and “n” is unity. 

 

Fig. 1.18 Image of the XRD equipment 
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(b) Scanning Electron Microscopy (SEM) and Transmission Electron 

Microscope (TEM) 

SEM and TEM are used to study the surface morphology of nanomaterials such as 

silicon, graphene and metal oxides. SEM (JEOL JSM 6380LA, Japan) and TEM ( 

JEOL JEM 2100) which operates at the energy range from 200 keV to 3 keV is used. 

Prior to observation, samples were coated with gold layer in nanosize using a JFC 

1600 autofine coater (JEOL, Japan). TEM is more favoured than SEM because it 

provides details about defects in crystalline solid materials, phase impurities, extended 

magnification range and the particular plane of Miller indices. 

 

(c) Energy Dispersive X-ray analysis (EDX) 

EDAX, also known as EDS, is widely used to examine the atomic and weight 

percentage of the samples. EDS equipped with SEM gives the qualitative information, 

which means various intensity peaks associated with elements, in order to know the 

real composition of the sample and also to detect contamination in the sample 

composition. Furthermore, elemental mapping of a product and image analysis have 

been carried out. 

 

(d) Fourier transform infrared spectroscopy (FTIR) 

FTIR is a useful to detect the chemical bonds and molecular structures of samples. In 

the present study, FTIR analysis was performed on the various metal oxides such as 

MnO2, rGO/MnO2 and NiO using JASCO-4200 FTIR spectrometer to determine the 

relevant functional groups, which exist in the samples. FTIR 

absorbance/transmittance data was recorded over the range of 400 - 4000 cm-1 with a 

resolution of 1cm-1, using a Pike Technologies diamond crystal plate ATR in 

transmission mode. Prior to observation under FTIR, the products were mixed with 

dry KBr and grounded thoroughly to make a pellet. The pellets were placed into the 

sample holder for recording the IR spectra and referencing was done by recording a 

blank KBr pellet. 
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(e) Raman spectra 

Raman spectra is used to observe the various frequency modes and crystalline 

parameters in the desired sample. In the present study, the Raman spectra were 

recorded on MnO2 and rGO/MnO2 NWs over the spectral range of 400 – 2000 cm−1 

using model LabRam HR800 (Horiba Jobin Yvon Inc. USA). Raman shift is 

determined from the following expression. Raman shifts are directly related to energy 

and are reported in wave numbers with units of inverse length (Bowley et al. 2012): 

                             Δω = (λ-1 - λ1
-1)                                              (7) 

where Δω, λ0, and λ1  are the Raman shift (cm−1), excitation wavelength, and incident 

wavelength, respectively.  

Model suggested by Ossadnik et al. (1999) uses the following Eq. (8) to calculate the 

size of the crystallites (d) in the nanomaterials. 

Raman Peak (cm-1) = 521.01[10d/(10d+0.337)]                        (8) 

 

(f) Photoluminescence 

Photoluminescence is an important technique for measuring the crystallite size, 

crystalline quality and for quantification of the amount of disorder present in 

nanomaterials.The average crystallite size can bedetermined from the following Eq. 

(9) (Gonchar et al. 2016). 

                                            hνPL = Eg + 3.73/d1.39                                                                     (9) 

 

Where d - grain size (nm), hvPL - PL peak position (eV) andEg- band gap of the 

material 

 

(g) UV-Visible spectroscopy 

The technique is frequently used to detect the quantity of an absorbing species in a 

liquid using Beer-Lambert law(Said et al. 2014).  



35 
 

                                      A = log10 (I0/I) = εcL                                       (10) 

Where A, I0, I, L, c, and ε is the absorbance, incident light intensity, transmitted light 

intensity, path length, concentration, and molar absorptivity, respectively. From the 

absorption spectra, the optical band gap can be obtained using Tauc's relation.   

                                        αhν =A (hν-Eg)n                                             (11) 

where, α is the absorption coefficient of the sample,n is the power factor of the 

transition mode, ν is the light frequency, A is a constant called the band tailing 

parameter and Egis the energy of the optical band gap. The tauc's plot of (αhυ)2 vs hυ 

for direct band gap and (αhυ)1/2 vs hυ for indirect band gap. And the choose straight 

line vertically downward to energy-axis that value is the optical band gap (Ebraheem 

and El-Saied 2013).  

The decolorization percentage was calculated according to the following Eq. (12): 

where A0 refers to the initial absorbance, and At is the absorbance at the time of t 

(Goharshadi et al. 2013).  

                   Decolorization (%) = ((A0 – At)/A0) ×100                          (12)      

(h) Brunauer-Emmet-Teller (BET) 

The BET method is often used to determine the specific surface area of a material 

based on physical adsorption of gas molecules on a solid surface. The specific surface 

area of the prepared samples was estimated based on the nitrogen desorption- 

adsorption kinetic reaction, attained using a BELSORP mini II measurement (BEL 

Japan Co., Ltd). The BET curve is a straight line by plotting φ = p/p0 against 1/v[(p0 

/p)-1], where p is the equilibrium pressure, p0 is the saturation pressure of adsorbates 

and monolayer adsorbed gas quantity v. From BET plot, the value of the intercept I 

and the slope A of the line are used to determine the BET constant c and monolayer 

adsorbed gas quantity v. The following relations can be used to find the specific 

surface area SBET, as well as total surface area Stotal of the material (Brunauer et al. 

1938). 

                                               Stotal  = (vmNs)/V                                             (13) 

                                               SBET = Stotal/a                                                   (14) 
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The specific BET surface area, average pore radius and specific pore volume can be 

related from the following relation (Samejima et al. 1977). 

                                         SBET =4/d· Vg x 108 [cm2/g]                                (15)            

where, vm is the monolayer volume of the adsorbed gas, V is the molar volume of the 

adsorbed gas, N is Avogadro's number, a is the mass of the solid sample or adsorbent, 

s is the adsorption cross section, d is the average pore diameter and Vg is the specific 

pore volume (cm3/g) 

 

(i) Gas chromatography-mass spectrometry 

Gas chromatography–mass spectrometry is an analytical method that merges the 

features of mass spectrometry and gas-chromatography to detect the various 

molecular products to provide elemental analysis within a test sample. The sample 

solution injected into the instrument enters a gas stream (nitrogen or helium) which 

transports the sample into a separation tube known as the "column". The function of 

the stationary phase in the column is to separate different components, causing each 

one to exit the column at a different time. As the chemicals exit the end of the 

column, they are ionized by the mass spectrometer and detected in terms of mass-to-

charge ratio. In the present work, we used GCMS-QP 2010 Plus Shimadzu mass 

spectrometer to evaluate the catalysis by-products. HP-5 ms column consists the 

dimensions of 0.25 mm ×30 m, 0.25 μm. The temperature was ramped as follows: 36 
°C for 1 min, 5 °C min-1 up to 300 C and hold time is 10 min. The temperature of the 

transfer, inlet, and source and line was 280, 250 and 230 °C respectively.  The 

analysis was done using splitless (0.7 min) injection. 

 

(j) Cyclic voltammetry 

Cyclic voltammetry (CV) is used to study a supercapacitor’s charge-response with 

respect to variation in a potential, which gives a means of measure of capacitance. To 

carry out CV experiments, a series of varying potential at a steady sweep rate (dV/dt) 
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is applied and the response current is measured. The specific capacitances of the 

electrodes are determined from galvanic discharging and CV curves using the 

following expressions (Khomenko et al. 2005). 

  Vm
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=
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where, I is current (A), C is specific capacitance (F/g), ν is the scan rate (V/s), ΔV is 

the potential window of discharge (V), I’ is the constant discharge current density 

(mAcm-2), Δ� is discharge time (s), V is potential (V),  and m (g) is the mass of the 

active material in the working electrode.  

 

 

Fig. 1.19 Active material prepared as electrode to measure the super capacitive 

properties 

 

(k) Glove box   

It is a closed chamber that is intended to permit one to move the things within a very 

high purity inert atmosphere, such as nitrogen or argon. The glove box is especially 

used in order to protect Lithium (Li) from its chemical oxidation during fabrication of 

battery. In Li ion battery, Li is used as an electrode due to its high chemical reactivity. 

Li is 1A group element in the periodic table and very sensitive to water, oxygen and 
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nitrogen molecules. In water, Li slowly creates a liquid, LiOH. In addition to interact 

with O2, Li also interacts with N2 in the ordinary atmosphere, creating product Li3N. 

The oxidation due to interaction with atmospheric oxygen, nitrogen, moisture, turns 

Li into a dull and dark gray color. So, we need to avoid the above chemical species 

from the air by creating vacuum in the glove box, while handling Li. 

 

Fig. 1.20 Glove box to manipulate the objects in the inert atmosphere. 

 

(l) Electrochemical Impedance spectroscopy (EIS) 

Impedance spectroscopy is a reliable method for estimating electrochemical 

performance in the frequency region. The electrochemical studies like EIS, 

galvanostatic charging-discharging and CV were performed using (SP-150) BIO-

LOGIC. A traditional three-electrode system was used, with an active material 

(Sn@rGO-MnO2, rGO-MnO2 and α-MnO2) coated titanium foil as a working 

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

1M Na2SO4 solution was used as an electrolyte. 
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Fig.1.21 Bio-logic work station used for electrochemical studies 

 

Electrochemical impedance is generally detected by applying an AC voltage to a 

system of electrolyte/electrode and detecting the current passing through the system. 

Presuming a sinusoidal voltage excitation, the effect to this voltage is an alternative 

current signal. The current signal can be revealed as a total of sinusoidal expressions. 

The voltage is a function of time, has the form 

sin (ωt) E0 =E                                                                   (18) 

E0 is the amplitude of the signal, ω is the radial frequency and Et is the voltage at time 

t. The relationship between frequency f (expressed in hertz)  and radial frequency ω 

(expressed in radians/second) is: 

f2π =ω                                                                                (19) 

In a linear system, the response signal, shifted in phase (φ). 

sin (ω t + φ) I0 =I                                                                (20) 

Ohm's Law permits us to estimate the impedance of the system as: 

Z=Et/It = Z0(sin(ωt)/sin(ωt+ φ) I0) = E0(sin (ωt)/I0 sin (ωt+ φ))            (21) 

The impedance is revealed in terms of a phase shift, φ and a magnitude, Z0.  

With Eulers relationship, 

exp( jφ) = jsinφ + cosφ                                                      (22) 

The, the impedance is expressed as a complex number, 

Z(ω) = Z (jsin φ+ cosφ) = Zexp(jφ)                                  (23) 
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The equation for Z(ω) consists of imaginary part and a real. The imaginary part on the 

Y axis and the real part is plotted on the X axis of a chart, which gives us the "Nyquist 

plot". Here in this graph, it is to be observed that the y-axis is negative and that each 

point on the Nyquist plot is the impedance at one frequency. In Fig. 2-3 it has been 

illustrated that higher frequency data are on the left of the plot and lower frequencies 

are on the right side. On the Nyquist graph, the impedance can be revealed as a vector 

of length |Z|. The angle between the x-axis and this vector is φ (=argZ) and semicircle 

is a time constant (Macdonald 1987). Electrochemical Impedance graphs often 

possess quite a few semicircles. Frequently, only a portion of a semicircle is seen. 

 

 

Fig. 1.22 Nyquist plot of Impedance Vector 

 

 

1.9 Scope and Objectives of the Thesis 

 

In the last few years, technologically important semiconducting nanostructure oxides, 

such as MnO2, NiO, and CuO have attracted enormous interest owing to their unique 

properties and potential use in applications, such as Li-ion batteries, solar cells, and 

electrochemical sensors. There are now increasing research interests in a wide range 
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of manganese and nickel based compound structures, due to their applications in 

catalytic activity for the sake of waste water treatment. Also, the electrochemical 

study of Silicon NWs for application as anode in Lithium ion battery is of particular 

interest, because it reduces the intrinsic problem of volume change in the bulk. 

Though, Si has highest theoretical capacity, it could not be used in battery due to 

above problems and draws more research insight by fabricating nanostructures. 

 

The objectives of the present research work 

 

� Growth, characterization and catalytic activity of MnO2 and rGO/MnO2 

Nanowires (NWs). To study the structure-property correlation. 

� Fabrication and characterization of MnO2, rGO/MnO2, Sn/rGO/MnO2 NWs 

and their application as working electrode in the super capacitor.  

� Fabrication and characterization of NiO and CuO Nanoparticles (NPs), and 

their application for the dye removal/photo-degradation of RB-5/MB/AY-23 

from the aqueous solution (waste water).  

� To study the structural and optical properties of the Silicon (Si) NSs  

� To study the electrochemical behaviour of Si NWs for application as anode in 

Lithium ion battery and its correlation to physico-chemical properties 

 

1.10 Organization of the Thesis 

 

The thesis is organized as follows: 

• Chapter 1 presents the overview of oxide semiconductor nanostructures, 

especially MnO2, NiO and CuO, and their structural and physical properties, 

preparation methods and characterizations. The chapter also includes various 
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industrial dyes such as RB-5, MB and AY-23, their physical, chemical 

properties and degradation methods. It also gives the brief description of the 

hydrothermal technique, modified Hummer technique to prepare rGO 

nanosheets. This is followed by a concise description of different 

characterization techniques.  

 

• Chapter 2: The catalytic activity of MnO2 nanowires towards dye (RB-5) 

degradation is also studied in this chapter. In addition, this chapter discusses 

the fabrication and testing of supercapacitor electrodes using synthesized 

pristine MnO2, doped MnO2 with reduced graphene oxide and Sn. 

Electrochemical characterizations are used to estimate the specific 

capacitance, energy density, and power density. The electrochemical 

impendence plot will be used to compare the performances of the working 

electrodes. 

 

• Chapter 3 deals with the fabrication and characterization of  NiO nanoparticles 

using thermal decomposition technique. Also, it contains the study on the 

effect of annealing temperature on the adsorption and photocatalytic properties 

of NiO nanoparticles towards RB-5 removal and MB degradation, 

respectively.  This chapter also includes discussion on the growth and 

characterization of CuO nanparticles by modified chemical precipitation 

technique. Also, it contains the results of photocatalytic effect of CuO 

nanoparticles towards dye, like RB-5, MB and AY-23 degradation under 

visible light irradiation. Finally, this chapter ends with the kinetics study in 

order to know the rate of degradation of respective dyes. 

 

• Chapter 4 deals with the fabrication Si NSs using electrochemical etching 

technique, and the effect of current density and etching time on structural and 

optical properties of Si NSs. A testing of synthesized Si NWs as anode in Li ion 
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cell and the effect of cycling on the structural, optical and electrochemical 

properties of the anode is also discussed. 

 

• Chapter 5 gives the summary and conclusions of the present work. The scope 

for further research work in this area is also discussed. 
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CHAPTER 2 

GROWTH, CHARECTERIZATION OF UNDOPED AND 

TIN (Sn) &/ OR rGO DOPED MNO2 NANOWIRES AND 

THEIR APPLICATIONS IN CATALYSIS AND 

SUPERCAPACITOR ELECTRODE 

2.1 Introduction 

The growth of MnO2 nanowires and their application towards dye (RB-5) degradation 

is reported in this chapter. The effect of rGO nanosheets, on structural, optical, and 

catalytic properties of MnO2 NWs is discussed. In addition, this chapter discusses the 

fabrication, testing and performance of supercapacitor electrodes using synthesized 

pristine MnO2, doped MnO2nanowires with reduced graphene oxide and tin.   

Synthetic colorants are extensively used in textile industries for dying and coloring of 

materials. Reactive Black 5 (RB5) dye is much familiar due to its special features 

such as solubility, the high shade of the color and easy attachment to the fiber. Once 

coloring is finished, the colored substrate is cleaned off few times to take away 

unattached and/or hydrolyzed dye. It means 15-50% of the industrial colorants is 

released in wastewater flow throughout dyeing process (Karatas et al. 2012). The loss 

of colorant in wastewater is very hazardous to human and aquatic life. There are 

several reports on the photo catalytic degradation of RB5 from various 

semiconductors such as SiO2, SnO2, Fe2O3, TiO2, etc (Chong et al. 2015)(Chatterjee 

et al. 2010 p. 5)(Zhang et al. 2004). Recent studies like Weng et al. (2013) utilized Fe0 

(ZVI) products, as a catalyst to decompose RB-5 by Fenton treatment. It is expected 

that ZVI aggregates provide a lot of iron ions, which leads to Fe precipitates like (Fe 

(OH)3 (s) and Fe (OH)2 (s)). The iron compounds restrain the reproduction of OH• and 

reduce the catalytic efficiency during the degradation of hydrogen peroxide. In Fenton 

process, a sufficient amount of the HO• radicals are required for the degradation of 

dyes (Zhang et al. 2006). Vyas et al. (2013) evaluated the photocatalytic activity of 
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TiO2 for the elimination of RB-5 in aqueous solution. It was concluded that TiO2 

nanoparticles have lesser surface area and it absorbsless number of photons and dye 

species. In addition, occupied active sites on TiO2 particles will repress the production 

of reactants, which results in a lesser decomposition rate of organic effluents. 

To overcome the above drawbacks, Manganese dioxide (MnO2) is considered due to 

its special properties like high surface reactivity, chemical stability, and large specific 

surface area. The reaction between H2O2 and Mn+2 ions (chemically generated) leads 

to the huge quantity of OH• generation. The OH• species are able to attack colorants 

and cause chemical degradation of these products by H- abstraction, and addition to C 

- C unsaturated bonds (Cheng et al. 2014).  

On the other hand, MnO2 is well-known as electrode material for charge storage 

applications owing to the highest theoretical specific capacitance of 1370 F/g [80, 81]. 

Nonetheless, MnO2 has some disadvantages such as slower ionic transport rate and 

lower energy density due to charge storage mechanism and its poor electrical 

conductivity. In order to enhance the catalytic activity, energy density and 

electrochemical cycling stability of MnO2 electrodes, grapheme and Sn nanostructures 

have been introduced (Wang et al. 2016 p. 2).  

 

2.2 Experimental Procedure 

2.2.1 Synthesis of rGO nanosheets 

Briefly, 23 ml of con. H2SO4 was taken into a 250 mL beaker filled with 1g of 

graphite flakes and 0.5 g of NaNO3, afterward stirred it on a magnetic stirrer at 30 °C 

until creating a homogeneous mixture. Then 3 gm of KMnO4 was slowly poured into 

the above mixture and continued to stir at 35 °C for half day. After that, 5 mL 30% 

H2O2 aqueous solution was mixed with the deep brown mixture till the complexion of 

the solution turned to bright yellow. The resulting mixture was centrifuged with D.I 

water and 5% HCl for 3-4 times to remove the organic residues and other metal ions 

in it as a result of the reduction of KMnO4, then dried at 60 °C in a vacuum oven for 
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12 h. The obtained product was dispersed using ethanol and calcined at 150°C for 4 h 

to decrease GO into rGO.  

 

2.2.2 Synthesis of MnO2 NWs 

The salts MnSO4.H2O and KMnO4were taken into a crucible and annealed at 500 °C for 3.0 h 

in an air oven. After liberating water molecules, 0.2 M of MnSO4 was added slowly to 0.21 M 

(S1), 0.42 M (S2) and 0.63 M (S3) of KMnO4 solubilized in 30 mL of D.I water. The above 

solution was stirred on a magnetic stirrer for 1hour to form a homogeneous mixture. When 

the color of mixture turned to dark brown, it was shifted into a 100 mL of autoclave reactor 

and treated at 150°C for 24 hr. Then, the resultant solid brown color solution was centrifuged 

to eliminate impurities and dried at 55 °C in air. MnO2 is resulted from the oxidation of 

MnSO4 by KMnO4 (oxidizer) from the following relation 

              2KMnO4 + 3MnSO4 +2H2O →5MnO2 + K2SO4 +2H2SO4                           (24) 

 

2.2.3 Synthesis of rGO-MnO2 and Sn@rGO-MnO2 

To obtain the rGO-MnO2 composite, 0.2M MnSO4 and 0.2M KMnO4 were mixed 

with 35ml of Graphene Oxide (GO) solution of concentration 0.4 mg/mL. This 

reaction is stirred well for 30 minutes and then ultrasonicated for 15 minutes to ensure 

the dispersion of GO.  Then the reaction mixture was transferred to a 50 ml 

hydrothermal autoclave system and kept at 150 ˚C for 24 hours. This was left to cool 

down to room temperature and then washed repeatedly with double distilled water and 

acetone. The sample was then dried at 60 ˚C for 15 hours. Sn@rGO-MnO2 

nanocomposite was prepared using 10 wt% of SnCl2.2H2O with addition of above 

prepared hydrothermal rGO-MnO2solution. 

 

2.3 Results and Discussions 

2.3.1  Structural and optical properties of undoped α-MnO2 NWs 
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Fig.2.1 (a)depicts XRD spectra of the MnO2 NWs grown hydrothermally at the 

different concentration of KMnO4. The XRD peaks of all samples were matched to 

the tetragonal α-MnO2 phase (JCPDS Card No.44-0141) with a space group I 4/m and 

lattice constants of c = 2.863 Å, a = 9.784 Å. At alesser quantity of oxidizer, the 

crystallite is smaller, resulting in broad XRD peak (Wang and Li 2003). At greater 

quantity, larger crystallite is created and therefore the peak breadth reduces, therein 

intensity enhances, indicating the increase in the crystallinity of α-MnO2.  

     The mean size of the crystallite of MnO2 NWs is calculated via Eq. (1) at 

maximum diffraction peak (211). The crystallite size of MnO2 NWs was found to be 

15 to 25 nm. The mean crystallite size enhances with the enhance in oxidizer molarity 

as shown in Table 2.1.  

Table 2.1 the structural and optical factors of α-MnO2 NWs synthesized at the various 

quantity of oxidizer. 

Molarity (M) 

of oxidizer 

Surface Area  

  (×10-3 µm2) 

Crystallite 
size(nm) 

 Band gap 
(eV) 

Minimum dislocation  
density (*1015 m-2) 

 

0.21  1.35 15.1 2.55 4.1  

0.42 2.37 18.4 1.65 3.3  

0.63 4.22 24.6 1.27 1.8  

 

Additionally, minimum dislocation density has been determined using Eq, (6). The 

dislocation density decreases with the increase in the concentration of KMnO4 due to 

a decrease in the number of grain boundaries and lattice defects with an enhance in 

the average crystallite size of MnO2NWs. The related values are tabulated in Table 

2.1. 
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Fig. 2.1 (a) XRD, (b) FTIR, (c) UV–vis and (d) band-gap spectra of NWs like of α-

MnO2 nanostructures with different oxidizer contents 

 

The FT-IR spectra for MnO2 are shown in Fig. 2.1 (b).The band around 3308.36 and 

1631.12 cm-1 correspond to O-H vibrating mode and is due to physically adsorbed 

water on the MnO2 crystal from the environment (Henry et al. 2013). The band at 

1056-1290 cm-1 is due to the Mn-OH stretching vibrations, and peak at 1516 cm-1 is 

attributed to hydration water of MnO2. A sharp peak due to Mn–O vibrations was 

assigned at 505 cm-1 in the spectra of MnO2, and some humps are detected around 743 

cm-1 and 592 cm-1 due to the bending vibrations of α- MnO2 (Jiang et al. 2009). No 

major change was observed in the FT-IR spectrum of MnO2 NWs attained from the 

various quantity of KMnO4. 

The absorption spectrum and band gap energy (Eg) for α-MnO2 NWs are illustrated in 

Fig. 2.1 (c -d). It is observed that a single broad peak in the visible spectrum is due to 

the d-d orbital transition of manganese ions in the MnO6 octahedra of the MnO2 NWs 

(Toufiq et al. 2014). The absorption peak shifts towards the higher wavelengths with 
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increasing concentration of KMnO4 because of the high density of energy levels 

ensuing from the high surface to volume ratio. However, as shown in Table 2.1, Eg 

decreases with increasing oxidizer molarity, which can be attributed to the decrement 

of the lattice defects and enhancement of transition manganese (II) ion quantity (Sakai 

et al. 2005).  

Fig. 2.2 reveals that all MnO2 samples analyzed with SEM show nanowire 

morphology at different magnifications, the diameter and length of the NWs enhance 

with the increase in the quantity of oxidizer. At alesser quantity of the oxidizer, the 

nucleation is heterogeneous, ensuring a shorter NWs. Conversely, at higher oxidizer 

quantity, MnO2 nuclei are formed very shortly, due to homogeneous nucleation, 

resulting in a larger and longer size NWs. By image J Software, we could obtain the 

surface area of NWs, which also increases with oxidizer quantity as shown in Table 

2.1.  

Fig. 2.3 (a-c) shows the high-resolution TEM bright-field images of MnO2 products 

heat treated at 150°C. It can be observed that the synthesized products consisted of 

nearly wire shaped particles with a size around 10-20 nm. The lattice fringes can be 

seen from the HRTEM image as shown in (Fig. 2.3 (B)), in which inter planar 

distance is determined to be about 0.24 nm, which are consistent with the d spacing of 

(211) of simple tetragonal MnO2. From HRTEM image the unidirectional fringe 

patterns are clearly observed, which indicates single crystalline nature of MnO2 NWs.  
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Fig. 2.2 (A) Low-magnification and (B) High magnification of SEM images of α-

MnO2 NWs at oxidizer concentration (a) 0.21 M (b) 0.42 M and (c) 0.63 M. 
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Fig. 2.3 (A) Low-magnification and (B) High magnification of HRTEM image of α-

MnO2 NWs at oxidizer concentrations (a) 0.21 M (b) 0.42 M and (c) 0.63 M. 
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From EDS analysis (Fig. 2.4) it was found that the NWs are composed of the 

following elements: Mn, O and K. The peak of K was caused by the very small 

amount of potassium in the synthesized products because the structure of MnO2 

consists of double chains of edge-sharing MnO6 octahedra to form 1D (1 × 1) tunnels; 

it attributes to accommodate the K ions. The production yield of MnO2 NWs is above 

90% based on Mn quantity in the starting reagents. 

 

Fig. 2.4 EDS images of α-MnO2 NWs at oxidizer concentrations (a) 0.21 M (b) 0.42 

M and (c) 0.63 M. 
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2.3.2  Structural and optical properties MnO2 nanocomposites 

Fig. 2.5 (a) shows the Raman spectra of Sn@rGO-MnO2, rGO-MnO2 and MnO2 

hybrids. Three distinctive peaks located at 506, 565, and 648 cm-1 are identified for 

the MnO2 NWs. The Raman band at 648 cm-1 and 565 cm-1 is due to the symmetric 

ν2(Mn–O) and ν3(Mn–O) stretching vibration of MnO6 groups, respectively (Li et al. 

2012). The Raman band located at 506 cm-1 is in good agreement with the 

translational motion of the MnO6 octahedra, thus revealing birnessite-type α-MnO2. 

The rGO is characterized by two specific features, G band (the E2g mode of sp2-

hybridized C–C bonds) at 1596cm-1, and D band (defects) at 1345.8 cm-1. As shown 

in Fig. 2.5 (a), the Raman D/G intensity ratio is reduced slightly from 0.99 for rGO 

nanosheets to 0.97 for rGO/MnO2 NWs due to the larger in-plane sp2 domains are 

formed during the reduction of GO (Ma et al. 2016a).  

Fig. 2.5 (b) shows XRD of synthesized nanocomposites. The related diffraction peaks 

were indexed and matched well with the body-centered tetragonal phase [JCPDS, No. 

44-0141, a = b = 9.7847Å and c = 2.8630Å]. The appearance of the broad diffraction 

peak at 23.7º in rGO/MnO2 reveals the presence of rGO on the surface of MnO2 NWs 

(Fu et al. 2013). The average grain size of prepared nanoproducts is obtained using 

eqn 5. The measured grain/crystallite size of undoped and rGO &/or Sn doped MnO2 

NWs is in the range of 10-8 nm. Using the above crystallite values, the dislocation 

density has been estimated using Eq. (2). As shown in Table 2.2, Sn@rGO doped 

MnO2 NWs consist of more dislocations compared to undoped MnO2 NWs due to the 

existence of interfaces between the MnO2 lattice and Sn@rGO nanosheets 

(Abdolhosseinzadeh et al. 2015).  

Table 2.2 The structural parameters of prestine and doped α-MnO2NWs. 

S.No Naomaterials Crystallite size 

(nm) 

Dislocation density 

(1016m-2) 

BET Specific 

surface area (m2/g) 

1 Sn-rGO-MnO2 8.11 1.52 55.8 

2 rGO-MnO2 8.40 1.42 59.1 

3 MnO2 10.00 1 37.7 
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Fig. 2.5 (a) XRD and (b) Raman spectra of NWs like various α-MnO2 based 

nanostructures. 

 

Fig. 2.6 (A) shows SEM micrographs of MnO2 nanocomposites. As-shown in Fig. 2.6 (B-

C), all the nanocomposites reveal shape of NWS and rGO single atomic layers 

wounded over the NWs due to the strong electrostatic interaction between the 

manganese ions and carbon ions during the hydrothermal process. During reaction with 

GO, the solution became cloudy resulting in the formation of a large number of MnO2 nuclei 

in a short time, leading to the larger diameter of NWs. Thus resulting in a higher surface area. 

By BET (Fig. 2.7) the specific surface area measured for pristine MnO2 NW is about 37.7 

m2/g, whereas for rGO/MnO2 NWs is about 59.1 m2/g. The enhanced surface area of 

rGO/MnO2 NWs is due to the more pore volume as shown in Table 2.2 (Samejima et al. 

1977). Fig. 2 (B-a) shows the rippled morphology of the rGO sheets, bundling MnO2 NWs at 

lower magnification. Hence, from SEM and Raman studies, it is evident that MnO2 NWs are 

wrapped with rGO sheets, which prevents the agglomeration of MnO2 NWs. The inset in Fig. 

2.6 (B-b) shows the morphology of rGO which appeared as a single sheet with wrinkled 

surfaces after exfoliation (Kakaei and Hasanpour 2014). 
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Fig. 2.6 SEM images of (A) MnO2 NWs at the various magnification (a, b, c = 5k, 

10k, 20k), (B) rGO-MnO2 NWs (a-c, b, d= 5k, 10k, 20k) and (C) Sn-rGO-MnO2 NWs 

(a, b=5k, 10k), respectively. k=1000 in number 
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Fig. 2.7 BET surface area images of (a) MnO2,its nanocomposites using (b) rGO and 

(c) Sn@rGO. 

 

Fig. 2.8 (a) depicts the lower-magnification HRTEM micrographs of MnO2 and its 

nanocomposites using rGO. The micrographs, as shown in Fig. 2.8 (b), reveal a single 

set of parallel planes with inter atomic spacing of 0.241 nm for MnO2 NWs and 

0.133nm for rGO/MnO2 NWs, which are in good agreement with the [211] and [541] 

planes observed in the XRD spectrum. The SAED micrographs are shown in the inset 

of Fig. 2.8 (b) indicates simple tetragonal crystalline structure of MnO2 and its 

nanocamposites using rGO. 
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Fig. 2.8 (a) Low and (b) high magnification of NWs like MnO2 based nanostructures. 

The inset of b displays the SAED pattern of NWs. 

 

2.4 Applications: 

2.4.1 Catalysis  

2.4.1.1 Catalytic Properties of pure MnO2 NWs  

The catalytic activity was performed in a 250 mL borosil beaker, which contained 

1×10-5 M, PH5, of the RB5 solution, 100 mL of D.I water, and 20 mg of catalyst 

MnO2. After taking 6 mL of hydrogen peroxide in it, the resultant solution was 

permitted to stir on the magnetic stirrer at room temperature. Later, this solution was 
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immediately filtered with PVDF membrane paper to take out the catalyst particles 

from the suspension. The remaining dye solution to be quantized using a UV–Vis 

spectrophotometer within an equal interval of time. 

We propose a Fenton process for the RB-5 dye decolorization by MnO2 NWs, as 

shown in Fig. 2.9.The reaction mechanism involves free radical species governed by 

the following equations (Yu et al. 2014): 

                           H2O2 + Mn(IV) + ↔ H2O2Mn(IV)•                                                   (25)                                      

                           H2O2Mn(IV)• →+ HO2
• + H+  +Mn(II)                                             (26) 

                          H2O2 +Mn(II) + → HO•+ OH− + Mn(IV)                                         (27) 

                         HO2
• ↔ H+ + O2

•−                                                                                                                           (28) 

                         MnO2•H2O2 ↔ HOO− + H+                                                                                                    (29) 

                        HO• (O2
•−) + dye (adsorbed) → CO2 + H2O +….                               (30) 

                        2HO• + 2HO• → O2 + 2H2O                                                               (31) 

The mechanism is followed by a desorption-oxidation-adsorption process as shown in 

schematic Fig. 2.8A. The first step in reactions is the adsorption of H2O2 over the 

surface of MnO2 NWs, Eq. (25), which is proceeded by the breakdown of H2O2 into 

free primitive species, such as HOO•, or HO•, O2
•− primitive species, Eqs. (26) – (29). 

The formed chemical groups (O2
•−, HO•) contain thehigh oxidative capability to 

decolorize the adsorbed colorants to H2O, CO2, or other tiny products, Eq. (30). The 

created tiny products from the dye decolorization could rapidly leave from the MnO2 

NWs surface by desorption and the MnO2 NWs is thus regained. The generated free 

radical species from H2O2 are acted by two ways. One way is that free primitive 

groups speedily oxidize the colorants. Another way is that the created free primitive 

species join each other and form O2, Eq. (31), but O2 cannot break up the colorants. 
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Fig. 2.8A The schematic showing application of rGO/MnO2 NWs for decompositions 

of RB5. 

Fig. 2.9 (a) depicts the optical spectra of RB-5 at the different quantity of oxidizer. 

The absorbance of RB-5 dye was detected with respect to the reaction time at the 

maximum wavelength (λmax) of 596 nm. By increasing the reaction time, a large 

amount of dye elimination or less absorbance is expected due to the high amount of 

OH• species followed by the speedy break up of H2O2 (Laohaprapanon et al. 2015). 

Meanwhile, the slight blue shift of peak at 596 nm mentioned the catalytic 

decolorization of the dye.  

Fig. 2.9 (b) shows the estimation of thedegradation rate of RB5 by plotting in 

decolorization (%) Vs reaction time (t) for various amount of KMnO4. The 

decolorization percentage was calculated according to the Eq. (12). At the time of 60 

min, the dye removal efficiency was estimated to in the range of 70-30 % with respect 

to the molarity of KMnO4 in the range of 0.21-0.63 M, respectively.    

The improved catalytic efficiency can be revealed in terms of surface area. According 

to Table 2.2, as for enhance in the molarity of oxidizer, the surface area of NWs 

increases. Hence, the enhance in the surface area of NWs results in enhanced in a 

number of MnO2 active sites on the surface enhances, which in turn enhances the 

number of colorant and H2O2 species being attached to the surface of NWs.. It 

enhances the amount of O2
•− and •OH free primitives striking the colorant molecules, 

resulting in an increment of decolorization (Mehta et al. 2011).  
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The stability of catalyst is also a prime factor in Fenton catalysis. Results pointed out 

that the yields of NWs decrease only from 67 to 63% with increase in the cycle 

number from 1 to 5 (Fig. 2.9 (c)). It might be due to the accumulation of by-products 

in the cavities of the active surface sites of the catalysts or loss of some amount of 

catalyst that attaches to the membrane paper during the filtering process. It reveals 

that the catalyst α-MnO2 NWs grown via hydrothermally is a capable catalyst for RB-

5 decomposition. 

 

Fig. 2.9 (a) RB-5 dye concentration spectra over the MnO2 NWs with different 

oxidizer contents, (b) Fenton decomposition of MnO2 NWs with different oxidizer 

contents and (c) Reusability of MnO2 NWs prepared at the oxidizer content of 0.63M 
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2.4.1.2 Catalytic Properties of rGO/MnO2 NWs using Fenton and sono-Fenton 

process 

The catalytic activity of the products was tested in a 250 mL borosil glass beaker, 

which contained 1×10-5 M of RB5 solution, 100 mL of distilled water, and 20 mg of 

catalystMnO2or rGO/MnO2, PH=5. After mixing 6 mL of 30 wt% hydrogen peroxide 

solutions, O2 bubbles were produced simultaneously. The resulting mixture was 

stirred till attaining the adsorption/desorption equilibrium. In addition, an rGO/MnO2 

stock solution was dispersed with a probe sonicator (frequency ~ 20 + 2 kHz and 

power ~ 120 W). The tip of the horn was 1cm in diameter and 6 cm in length. A 

constant temperature of 40 ± 2 °C was maintained by circulating water and pH was 

again tuned to a predetermined value using H2SO4 or NaOH solution. Sono-Fenton 

experiments were performed in a 50 mL polypropylene beaker at a regular time 

interval from 0 min to 60 min. The samples named as MnO2, rGO/MnO2, and 

US/rGO/MnO2 were used for catalysis. After achieving the complete 

adsorption/desorption equilibrium state, the analytical samples (5 mL) were taken out 

from the solution in the regular time interval from 0 min to 60 min. Subsequently, the 

sample was washed away with water to separate catalyst from it and the remaining 

solution was monitored using UV-Vis spectroscopic techniques to measure the dye 

concentration. 

Fig. 2.10 (a) shows the plot of absorption vs wavelength of RB5 based on the 

ultraviolet visible absorption spectra as a function of the catalytic reaction period for 

the various catalysts. The intensity of the maximum absorption peak of the RB5 

gradually shifts towards the lower wavelength with respect to the time, which is 

known as blue shift, referred the catalytic decay of the RB5 (Weng et al. 2013). 

Eventually, the unique absorption peak became wide and weak in the intensity, 

indicating the decolorization of RB5.  
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Fig. 2.10 (a) RB-5 dye concentration and (b) the % decolorization of RB-5 over MnO2 

based catalysts as a function of time. 

 

 

Fig. 2.10A Time dependent (a) concentration and (b) decolorization percentage of 

RB5 in the sonolysis process. 

 



63 
 

Fig. 2.10 (b) shows the estimation of the degradation rate of RB5 by plotting in 

decolorization (%) vs reaction time (t) for three different catalysts. The color removal 

efficiency was estimated using Eq. (8). It may be noted that the use of MnO2, 

rGO/MnO2,and US/rGO/MnO2 as a catalyst resulted in the decolorization rate of 63 

%, 84 % and 95 % in 60 min, respectively. We suggest the same mechanism (Fenton) 

as described in the earlier section for the degradation of RB5 using the catalyst of 

MnO2 and rGO/MnO2. As seen in the Fig. 2.10A, the sonolysis process itself resulted 

in the decolorization rate of 1.35 % in only 20 min and as high as 3% in 60 min. The 

results clearly indicate the significant reduction in the sonolysis than Sono-Fenton 

process and Fenton’s alone, due to the reduction of radical generation and slower 

catalytic reaction between the reagents. 

The highest catalytic performance of rGO/MnO2 towards the degradation of RB5 is 

attributed to the synergistic effects between rGO and MnO2 in the presence of H2O2. 

Graphene with 2D layers of sp2-bond structure can provide strong chemical and 

mechanical interactions, as well as increased electron transport between MnO2 NWs 

and rGO matrix (Qu et al. 2014). The RB5 molecules are easily adsorbed to the 

surfaces of GO through π-π conjugation based on its giant π-conjugation frame and 

two-dimensional planar configurations until the adsorption–desorption equilibrium. 

This accounts for the high quantity of OH• on the surface of rGO doped MnO2 NWs 

compared to undoped MnO2.  

To study further degradation of RB5, we combined ultrasonication to Fenton reagent 

using rGO/MnO2 catalyst. In sono-Fenton process, the collapse of the cavitation 

bubbles leading to the generation of high pressure and temperature. These high-

energy phenomena cause disintegration of pollutants in aqueous solutions. The heat 

from the cavity collapse divides H2O molecules into reactive H and OH radicals (Eq. 

32). The OH radicals come together to create H2O2 and hydrogen radicals come 

together to create molecular hydrogen {Eqs. (33-34)}. In the meantime, oxygen and 

H2O2 molecules from the aqueous solution reason creation of oxide and other radicals 

(Eq. 35-36), where [)))] refers the ultrasound. rGO/Mn-OOH2+ degenerate into •OOH 

and Mn2+ (Eq. 37) due to a synergetic effect amid ultrasound and Fenton's reagent. 

The separated Mn (II) ions can react finally with H2O2 to create OH radicals, leading 
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to a cyclic process (Bagal and Gogate 2014). Hence, the synergy of Fenton's and 

ultrasound together increases the reaction rate of Mn2+ isolation from Mn-OOH2+ and 

accelerates the OH radical formation due to the reaction among Mn3+/H2O Mn2+/H2O2 

or Mn0/H2O, or as shown in Eqs. 38-41. The generated OH radicals decompose the 

adsorbed RB5 molecules to CO2, H2O (Eq. 42) 

                             H2O +))) ↔•OH + H•                                                                                                            (32) 

                             2 H•→ H2                                                                                             (33) 

                             OH• + OH•→H2O2                                                                         (34) 

                             H2O2+))) → 2•OH                                                                         (35) 

                             O2+)))→ 2O•                                                                                                                      (36) 

                             rGO/Mn-OOH2++))) → Mn2+ + HOO•                                         (37) 

                             Mn2+ + H2O2 +))) →Mn3+ + •OH +OH-                                       (38) 

                             Mn3+ + H2O +))) →Mn2+ + •OH +H+                                          (39) 

                             Mn0 + 2H2O +))) →Mn2+ + H2 + 2•OH                                       (40) 

                            2Mn0 + O2 + 2H2O +))) → 2Mn2+ + 2H2 + 4•OH                        (41) 

                            Dye + HO• → [Dye-OH adduct]* 

                            → Oxidized dye + CO2 + H2O                                      (42) 

 

From Fig. 2.10 (b), after 60 min, the decolorization efficiency in Fenton’s route is 

84.5%. Nevertheless, in the same time, sono-Fenton route results in about 95% 

degradation. The results obviously point out the remarkable enhancement in sono-

Fenton route than Fenton’s route could due to the synergistic effects. The maximum 

decolorization efficiency of RB5 in the current work is comparatively more than the 

literature values, as given in Table 2.3. rGO@MnO2 NWs catalyst shows superb 

performance in terms of short reaction time, efficiency and low dosage. 
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Table 2.3  Reported values for decolorization of RB5 using MnO2 and GO. 

Material Method Catalyst 
dose (mg) 

RB5 Dye 
concentration 

Degradation 
(%) 

Time 
(min) 

Ref 

α-MnO2 Fenton 20 1×10-5M 38 60 (Ramesh et 
al. 2016) 

Mn-alginate Fenton 6000 air flow 1 L/ 
min 

98 100 (Fernández 
de Dios et al. 

2015) 

MnP Biodegradation 20 25 mg/L 80 90 (Mahmoudian 
et al. 2014) 

GO Fenton 300 1×10-5M 57-75 5h (Cheng et al. 
2012) 

Magnetic GO Fenton 20 20 mL 62 60 (Ali et al. 
2014) 

rGO Photo catalytic 30 10 mg/ L 26 60 (Wong et al. 
2015) 

GO NPs Fenton 1000 1×10-5M 80 

 

2h 

 

(Kyzas et al. 
2014) 

Fe alginate Fenton 500 2.68 mM 85 60 (Iglesias et al. 
2013)[106] 

FO Fenton 100 100 mg-1 68 120 (Meriç et al. 
2004) 

Fe Fenton 300 50 mg-1 63 120 (Rahmani et 
al. 2010 p. 5) 

FeSO4 Fenton 250 50 mg-1 63 20 (Lucas and 
Peres 2006) 

NiO/Al2O3 Fenton 200 100 mg-1 53 250 (Bradu et al. 
2010) 

CuO/Al2O3/ph 
ospahte 

Fenton 200 100 mg-1 37.5 250 -------- 

β- MnO2 Fenton 160 40 mg-1 56 40 (Yu et al. 
2014) 

α- MnO2 Fenton 20 1×10-5M 63 60 Present work 

rGO/α-MnO2 Fenton 20 1×10-5M 84 60 Present work 

rGO/α-MnO2 Sono-Fenton 20 1×10-5M 95 60 Present work 
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      The degradation yield formed at the end of reaction period (60 min) was estimated 

by GC–MS and recognized with mass spectra data for different catalysts (20 mg L−1 

each) of MnO2 (Fig. 4a), rGO/MnO2 (Fig. 4b) and US/rGO/MnO2 (Fig. 4c).  

 

Fig. 2.11 GCMS chromatograms obtained for decolourization of dye RB5 with the 

MnO2 based catalysts observed after 60 min.  

It is obvious as shown in Fig. 2.11 that the intensity of the spectra peaks enhances 

consistently from MnO2 rGO/MnO2, to US/rGO/MnO2, representing higher 

degradation rate of RB5 by sono-Fenton treatment. Mainly, the determined peaks at 

m/z ratio value 300, 198, 143, 106 and 78 coincide very well with the organic 

intermediates as shown in Table 2.4.  
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Table 2.4 Degradation products of RB5 after the catalytic reaction as determined 

using GC–MS spectrum. 

Intermediates formed during 
degradation of RB-5 

Name of the intermediate 
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The different organic molecules after the decomposition of RB5 may have been 

formed through the following steps, (i) –N N– double bond split (ii) break of various 

C–C and N-C bonds of the chromophore compound, loss of sodium ions plus the gain 

of hydrogen’s (iii) cleavage of the S-C bond between the sulfonate groups and 

aromatic ring by the hydroxyl radicals attack and (iv) cleavage of the benzene ring 

(Sharma and Roy 2015).  

 

2.4.1.2.1 Influence of functional parameters  

In order to detect the influence of other parameters on the degradation of dye, 

experiments were conducted at the constant pH = 5 for a reaction period of 60 min, 

using sono-Fenton catalysis, with different amount of rGO/MnO2, H2O2, and dye, 

 

Fig. 2.12 Effect of variation in the dosage of (a) dye, (b) catalyst, and (c) H2O2 on the 

decolorization of RB5 dye in the ultrasonication combined Fenton reaction at pH of 5 

for the period of 60 min. 

 

(a)  Influence of Dye (RB5) quantity 

The quantity of RB5 is one of the principal factors in a sono-Fenton reaction. The 

degradation of the RB5 was detected by altering the initial quantity range from 10 to 

20 μM. The results are given in Fig.2.12 (a). As the quantity of the RB5 increases, the 

chemical species attached sturdily to catalyst surface and then decreases the 

effectiveness of the catalytic reaction due to the decay in OH2
• and OH• quantities, 

leading to lower degradation rate and saturation. Also, the presence of large quantity 



69 
 

of adsorbed dye reduces the probability of interaction with the OH radicals, resulting 

in an inhibitive effect on the RB5 decomposition (Tayeb and Hussein 2015). 

 

(b) Influence of catalyst quantity 

The quantity of catalyst in the sono-Fenton reaction is another parameter taken into 

consideration. Usually, it is observed that the dye color removal enhances with 

increasing quantity of catalyst, while keeping other parameters set. As the catalyst 

quantity enhances, more amount of dye is adsorbed on the surface of the catalyst. This 

increases the probability of interaction amid RB5 molecules and oxidizing groups, 

thus causing an improvement in decolorization percentage (Akpan and Hameed 

2009). Fig.2.12 (b) displays the Influence of catalyst amount on the dye degradation 

percentage. 

 

(c)  Influence of H2O2 concentration  

The sono-Fenton decolorization of RB5 is also affected by the dosage of H2O2in the 

aqueous solution. To detect the optimal amount of the H2O2, 3-9 mL was taken in the 

100 mL RB5 solution. The decolorization increased noticeably with increasing the 

initial H2O2 dosage from 3 to 6 mL as depicted in Fig. 2.12 (c). It is ascribed to 

increase in the adsorption and interfacial reactions, which in turn increases the 

number of OH radicals. As the dosage of H2O2 is further enhanced from 6 to 9 mM, 

the solution becomes thick and stops the Fenton reaction, and hence the 

decolorization of the RB5 reduced (Kim et al. 2015). Nevertheless, H2O2 itself acts as 

an effective OH• scavenger at dosages that are specific for the affluent, accordance 

with the empirical Eq. (43) 

                           H2O2 +OH• →HO2
•+H2O                                                        (43)                             

Thus, the presence of surplus H2O2 can reduce the treatment effectiveness of Fenton 

reaction.  
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The recyclic ability of the prepared catalyst rGO/MnO2 and MnO2NWs was also 

estimated using the decolorization of the RB5 as depicted in Fig.2.13. In order to 

verify the reusability of catalyst, it was washed with D.I water and dried in air at 60 

°C for 4 h, and reused in the number of cycles from the Ist to Vth cycle. The 

decolorization efficiency decreases slightly from 84.5% to 81.2% for GO/MnO2 NWs, 

while, the decolorization efficiency largely decreased from 63.1% to 55.5% in the 

case of bare MnO2 NWs, because some quantity of catalyst is lost during filtration and 

washing. The wrapping of MnO2 NWs with rGO sheets decreases the contact of NWs 

during washing, as well as they're dissoluble in the water. It is ascribed to the lower 

mass loss of the rGO/MnO2 NWs compared to the bare MnO2NWs. Hence, 

rGO/MnO2 NWs has cyclic stability and can be reused without a considerable 

decrease in catalytic performance for decolorization of the RB5 in water. 

 

 

Fig. 2.13 Recycling (5 cycles) performance of the α-MnO2 NWs and rGO/MnO2 NWs 

for the degradation of the RB5 after 60 min.  
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2.4.2 Super capacitors  

2.4.2.1 Electrode fabrication 

In a typical process, certain amount of nanopowder of active material and acetylene 

block (conducting agent) were taken in to the grinder, which was followed by the 

adding of polyvinylidene difluoride, which acted as binder. After being crushed it for 

some time, a few drops of N-methyl-2-pyrrolidone was injected slowly in it to prepare 

a fine slurry and then rubbed on freshen Titanium sheet over an area of 1×1 cm2. The 

resultant product dried in a vacuum oven for 12-15 hours at 55 oC. The average 

weight of the active material was found to be around 0.14 mg.   

 

2.4.2.2 Electrochemical characterization  

To study the electrochemical properties of MnO2 and its nanocomposites, a 

conventional electrochemical cell was made with active material coated titanium foil 

as a working electrode, platinum counter electrode, Ag/AgCl as a reference electrode 

and1M Na2SO4 solution were used as an electrolyte. 

Fig. 2.14 depicts the CV curves ofMnO2 and its nanocomposites in 1 M Na2SO4 

electrolyte at a scan rate of 20mV s −1. It can be seen that the geometrical area of CV 

curve is in the order of Sn@/rGO-MnO2>rGO@MnO2>MnO2. The corresponding redox 

reactions occur at the interface of electrode/electrolyte may be mentioned as. 

                            Mn2+ ↔2e- + Mn4+                                                       (44) 

                            Sn2+ ↔2e- + Sn4+                                                         (45) 

The prepared working electrodes are used for determination of specific capacitance of 

super capacitors from the galvanic discharging and CV plots using Eqs. (12-13). In all 

the products, the obtained specific capacitance is responsible partly from electrical 

double layer capacitance of graphene and mainly from the pseudo-capacitance of 

MnO2. As illustrated in Fig. 2.15 the specific capacittence of the active materials are 

inthe order of Sn@rGO-MnO2>rGO@MnO2>MnO2 at the scanning rate of 20 mV/s. 

The specific capacitance of nanocomposites is more compared to the pure MnO2 

which is due to the synergistic effect between MnO2 and graphene.. Though the 
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graphene content is equal in the nanocomposites, the positive effect of 

Sn@rGO@MnO2 is contributed from Sn. It is also initiated that the specific 

capacitance reduces with raise in scan rate as depicted in Figure 2.15. 

 

Fig. 2.14 CV curves for various working electrodes in aqueous 1M Na2SO4 at a scan 

rate of 20 mV/s. 

The specific capacitance of electrodes is also explained in terms of their structural 

parameters such as the dislocation density and crystallite size. As illustrated in Table. 

2.2 the crystallite size in the nanocomposites is less compared to pristine MnO2 NWs. 

The smaller crystallite size is ascribed to reduction in ion diffusion path length. 

Hence, the reduction in the ion diffusion path length favors faster a change transfer 

between electrolyte and electrode, leading to more specific capacity. The specific 

capacitance of present electrodes were compared well with the reported values as 

illustrated in Table. 2.5 
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Fig. 2.15 Specific capacitance verses scan rates curves for various working electrodes 

in aqueous 1M Na2SO4 at a scan rate of 20 mV/s. 
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Table 2.5 Specific capacitance of MnO2based nanomaterial compared with reported 

values. 

Electrode Electrolyte Specific Capacitance 

(F/g) 

Reference 

Sn@rGO-MnO2 1 M Na2SO4 460.9 Present work 

rGO-MnO2 1 M Na2SO4 309.7 Present work 

MnO2 1 M Na2SO4 144.1 Present work 

sponge@rGO@MnO2 1 M Na2SO4 450 (Ge et al. 2013) 

RGO/MnO2 NS 1 M Na2SO4 446 (Zhou et al. 2015) 

MnO2 /CNT- textile 0.5  M Na2SO4 410 (Hu et al. 2011) 

C@MnO2 1 M Na2SO4 321 (Mu et al. 2015) 

G/MnO2 1 M Na2SO4 319 (Hao et al. 2015) 

MnO2-N-rGO 1 M Na2SO4 275.2 (Mei and Zhang 

2015) 

MnO2 NT array 0.5  M Na2SO4 231 (Grote et al. 2014) 

α-MnO2 1 M Na2SO4 180 (Yin et al. 2014) 

α-MnO2 @ δ-MnO2 6 M KOH 153.8 (Ma et al. 2016b) 

MnO2/C 0.25 M KCl 112 (Kim et al. 2015) 

 

 

Fig. 2.16 Galvanostatic curves for various working electrodes in aqueous 1M Na2SO4 

at a scan rate of 20 mV/s. 
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As seen in Fig. 2.16, Sn@GO-MnO2 nanocomposite has the longest discharge-charge 

time compared to the GO-MnO2 and MnO2, which means it has the more specific 

capacitance which was around 622.4 F/g at a current density of 1 A/g. 

 

 

Figure 2.16A shows the long term stability of the MnO2 NWs as working electrode in 

the electrolyte of 1M Na2SO4 at scan rate of 20 mV/s, (a) cyclic voltammograms and 

(b) capacitance retention of electrode at the various cyclic number.  

 

In above figure 2.16A, the multiple cycle stability of MnO2 NWs was evaluated by 

cyclic voltammetry up to 1000 cycles, where the applied potential range is from -0.5 

V to 0.5 V and scan rate at 20 mV/s. The cyclic data indicates that the capacity is 

reduced to almost 1/3 of initial value after 50 cycles, to 14% after 250 cycles and then 

remained almost constant for 1000 cycles. The degradation in the performance may 

be linked to the structural changes in the sample. Na2SO4  

 

In order to gain further understanding of the differences in the electrochemical 

performances of working electrodes, EIS testing was carried in Fig. 2.17 in a 

frequency range from 100 kHz to 1 kHz at the applied voltage of 10 mV vs. Ag/AgCl 

reference electrode. The obtained EIS data of all the samples was composed of 

semicircles and fitted with an equivalent circuit as depicted in the inset of Fig. 2.17. In 
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the EIS spectra, the intercept of high frequency arc on real axis is related to solution 

resistance (Rs) and slope of the inclined line at low frequency area indicates capacitive 

region [127]. Experimental outcomes display that Rs is the surface resistance of active 

materials, and it is less for Sn-rGO-MnO2 than rGO-MnO2 and MnO2, which suggests 

its better charge conductivity due to incorporation of Sn atoms in the composite 

(Bindu et al. 2016). It may be observed that all the samples exhibits an inclined line 

above 45˚, which represents the pseudo capacitive behaviour of the electrodes 

(Shanmugavani and Selvan 2014).  

 

 

Fig. 2.17 Nyquist plots of active materials prepared using Sn@rGO-MnO2, rGO-

MnO2 and MnO2 in 1 M Na2SO4. 

 

2.5 Conclusions 

Pristine MnO2 NWs and its nanohybrids using Sn and rGO doping were prepared by 

hydrothermal process. The band gap of hydrothermally grown MnO2 NWs decreases 

and the surface area enhances with the enhancement in amount of KMnO4. Raman, 

SEM study shows rGO nanosheets wrapped MnO2 NWs and XRD declares smaller 

crystallite size of rGO/MnO2 NWs compared to pristine MnO2 NWs. The degradation 
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rate of RB5 was found to increase with increasing concentration of KMnO4. 

RGO/MnO2 NWs show higher catalytic activity than pure MnO2 NWs towards 

decomposition RB5 colorant. Hence, rGO/MnO2 NWs show superior catalytic 

activity on the degradation of the RB5 colorant with H2O2 based on the sonolysis 

combined-Fenton catalysis. Also, rGO/MnO2 NWs exhibit better reusability due to 

the wrapping of NWs with rGO. From the galvanic discharge and CV study, the 

specific capacitance of Sn@rGO-MnO2 electrode was found to be more than that of 

rGO-MnO2 and MnO2electrodes, which is attributed to the synergistic effect of the 

system of MnO2/graphene, and electrical conductivity of the Sn particles. The 

enhanced performance of MnO2 and its nanocomposites towards their catalytic 

activity and electrochemical performance might be related to its optical and structural 

properties.  
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CHAPTER 3 

GROWTH, CHARACTERIZATION AND CATALYTIC 

ACTIVITY OF NiO AND CuO NANOPARTICLES 

3.1. Introduction 

 

In this section, the preparation and characterization of NiO and CuO nanoparticles, 

and their photocatalytic/adsorption activity towards various dyes such as methylene 

blue (MB), acid yellow 23 (AY-23) and reactive black 5 (RB-5) in the 

presence/absence of visible light are studied. NiO nanoparticles are prepared using 

thermal decomposition technique. The results on the effect of annealing temperature 

on the adsorption and photocatalytic properties of NiO nanoparticles towards RB-5 

removal and MB degradation, is reported. The CuO nanparticles are prepared by 

modified chemical precipitation technique. Finally, this chapter ends with the kinetics 

study in order to understand the rate of degradation of respective dyes. 

 

3.2  Experimental procedure 

3.2.1 Preparation of NiO NPs 

0.1M of nickel nitrate hexahydrate (Ni (NO3)2.6H2O) and 0.2M of sodium hydroxide 

(NaOH) were dissolved in 100 mL of deionized water. The obtained solution was 

magnetically stirred at room temperature for about 1 h. The resultant green colored 

solution was washed with ethanol and deionized water several times to remove 

formed contaminants during the reaction and dried at 55 °C for 12 h. Afterwards, 

dried precipitates were calcined at 200 °C, 300 °C, and 400 °C for 2 h respectively.  
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3.2.2 Synthesis of CuO NPs 

 

0.5 g of sodium dodecyl sulfateand 0.4 M potassium hydroxide were added to 100 mL 

of copper (II) nitrate trihydrate  (0.2 M) solution under constant stirring. After 30 min, 

50 mL of ammonia (12.5 wt %, ~7.0 M) was injected slowly in it and continued to stir 

for 15 h. The resultant mixture was centrifuged several times with ethanol and double 

distilled water to remove its impurities and dried at 80 °C for 12 h in vacuum. Finally, 

the dried precipitates were annealed at 400 °C for 4 h.  

 

3.3 Results and discussions 

3.3.1 Structural and optical properties of NiO NPs 

In order to evaluate the crystal properties of annealed NiO NPs, XRD was registered 

as shown in Fig. 3.1. All diffraction peaks of NiO NPs were well indexed in a cubical 

phase according to the standard spectrum (JCPDS card No. 01-175-0269). From 

XRD, the variation in peak widening is associated with crystallite size, as given in 

Table 3.1. We calculated the average size of the NPs using Eq. (5). As shown in Table 

3.1, the crystallite size enhances with the rise in annealing temperature. By increasing 

the annealing temperature, the XRD peak broadening (FWHM) reduces and hence the 

crystalline volume increases, suggesting the size of NiO NPs becomes larger. 

Table 3.1 The optical and structural parameters of NiO NPs (Where d - mean size of 

the crystallite, D - average particle diameter and SA - surface area). 

Temperature (◦C) d (nm) D (nm) SA (nm2) Band gap (eV) 

200 2.0 2.5 79.1 3.7 

300 3.1 4.2 224.7 3.2 

400 5.4 7.6 742.7 2.7 
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Fig. 3.1 XRD of the NiO NPs at different annealing temperatures (200-400 °C). 

 

UV-Vis absorption spectra NiO NPs were registered as shown in Fig. 3.2 (a). It may 

be noticed that the absorption edge was red shifted with rising annealing temperature, 

which is ascribed to the better quantum confinement effect. It is necessary to detect 

the energy band gap of NiO NPs by Tauc’s Eq. (7) as depicted in Fig. 3.2 (b). As 

shown in Table 3.1, Eg decreases with the rise in the annealing temperature due to 

increased crystallite size (Al-Sehemi et al. 2014).  
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Fig. 3.2 (a) UV–visible absorption spectra and (b) band gap energy (Eg) of the NiO 

NPs at different annealing temperatures. 

 

In order to look into the morphology of NiO NPs, SEM images are displayed in Fig. 

3.3. We can conclude that the measured size and surface area of NiO NPs based on 

image J software were found to mainly depend on the annealing temperature. At 

lower (200°C) annealing temperature, the particle growth is not thermodynamically 

favored, with only the least number of atoms can diffuse into the cluster but 

remaining atoms soluble, which results in a smaller particle size and lower surface 

area as given in Table 3.1. However, at an elevated (200 °C) annealing temperature, a 

great number of atoms acquire activation energy and diffuse over the nucleation 

barrier to creating clusters, resulting in particles of larger diameter and higher surface 

area. The morphology of the NiO NPs has been investigated using high-resolution 

TEM techniques. Fig. 3.4 is the respective TEM images of the NPs obtained from A,  

which indicate the particle size around 5–50 nm. It reveals that there is large 

homogeneity at the sample surface, with particle agglomeration and the particles are 

nearly spherical. The presence of aggregates shows that the mild conditions of 

thermal cluster degradation favour the coalescence of the NiO NPs and that the 

growth of some particles by coalescence can reveal the presence of the spherical 

shapes observed in the TEM analysis. The lattice fringes as shown by the arrows in B 

indicate clear crystalline structure that is further supported by SAED pattern by the 

formation of clear rings. The choice of nickel precursor and method is the main step 

in the synthesis of NiO NPs. 
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Fig. 3.3 (a) Low-magnification and (b) High magnification of SEM image of the NiO 

NPs at the temperature of (a) 200 °C, (b) 300 °C and (c) 400 °C. 
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Fig. 3.4 (a–c) TEM images of NPs generated at different annealing temperature of (A) 

low magnification and (B) high magnification with inset showing SAED patterns of 

the corresponding NPs. 
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3.3.2   Structural and optical properties of CuO NPs 

To study the structural properties of CuO NPs, XRD was registered as shown in Fig. 

3.5 (a). All the diffraction peaks were indexed to the monoclinic phase of CuO with 

lattice constants of ɑ = 4.6500 Å, b = 3.410 Å, c = 5.110 Å and α = γ = 90°, β = 99° 

according to the standard spectrum (JCPDS card No. 00-002-1041) (Maddinedi and 

Mandal 2014). SEM micrographs were used to evaluate the surface morphology of 

the CuO NPs. As can be seen in Fig. 3.5 (b) that the CuO NPs consisted spherical 

shape with a smooth surface and connected homogeneous rod like architecture. In 

order to detect the optical properties of the CuO NPs, UV-vis spectra are depicted in 

Fig. 3.5 (c). The figure depicted maximum absorption peak at about 437.6 nm was 

assigned to the electronic transition from n to π* molecular orbitals of the ligand, 

which was a good evidence for the presence of CuO NPs (Bouazizi et al. 2015). This 

optical spectra can be used to estimate the energy gap of CuO NPs through the Tauc’s 

Eq. (7). As shown in Fig. 3.5 (d), the extrapolation of the linear portion of the curve to 

energy axis referred to the energy gap of CuO NPs, which was estimated to be 1.76 

eV. 

To reveal nanomorphology of the synthesized products, typical HRTEM images have 

been recorded, as shown in Fig. 3.6. Fig. 3.6 (a) shows the TEM bright-field images 

of CuO nanoparticles calcined at 400◦C. It can be clearly observed that the 

synthesized product consists of nearly spherical-shaped particles with a size around 5-

10 nm. The lattice fringes can be clearly seen from the HRTEM image (Fig. 3.6 (b)), 

in which interplanar distance is determined to be about 0.25 nm, which is consistent 

with the d spacing of (002) of CuO. From HRTEM image the unidirectional fringe 

patterns are clearly observed, which indicates single crystalline nature of CuO 

nanoparticle. Selected area electron diffraction pattern (SAED) originated from the 

CuO nanoparticle is shown in Fig. 3.6 (c). 
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Fig. 3.5 (a) XRD pattern, (b) SEM image, (c) UV-Visible spectrum and (d) Tauc plot 

of the CuO NPs. 

 

Fig. 3.6 (a) Low-magnification and (b) High magnification of HRTEM image of CuO 

NPs calcined at 400◦C and (c) SAED patterns of the corresponding NPs. 
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3.3.3 Adsorption and photo-catalysis experiments 

Here, MB, RB-5, and AY-23 dyes were used as model pollutants. Initially, adsorption 

study was performed in 250 ml borosil beaker at room temperature. For the reaction, 

30 mg/20 mg of NiO/CuO powder added separately to the 100 mL of 30 μM dye 

solutions and magnetically stirred. After attaining adsorption equilibrium, 5 mL of 

aliquots were taken at regular time intervals and filtered with PVDF (0.45 μm) filters 

to separate the adsorbent particles. The concentration of the residual dye was 

measured using Eq. (12). 

The photo-catalytic treatment was carried out in a photo-catalytic chamber assembled 

with three tungsten halogen lamps (Osram, 150 W/24 V), which emit the radiations in 

the visible region of electromagnetic spectrum. The prepared aqueous solution was 

irradiated in presence of visible light at different reaction time ranging from 0 to 5 h. 

Prior to irradiation, the above mixture was magnetically stirred in the dark for 30 min, 

in order to get desorption/adsorption equilibrium.  

 

As can be seen in Fig.3.7, the UV-vis spectra studied during the adsorption of MB 

exhibits the peaks at 292 nm and 664 nm, and RB5 exhibits the peaks at 313.6 nm and 

601 nm respectively, due to structural units and various groups in the dye molecules. 

The peaks of both dyes in visible region were attributed to the absorption of the n→π* 

transition related to the –N=N- group in the dye molecule, while the peaks in UV 

region were ascribed to the absorption of the π→π* transition related with the 

naphthalene ring and benzene ring. The lower rate in the UV region is attributed to the 

partial removal of organic molecules due to the high energy band amid aromatic rings 

(Sun et al. 2007). 
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Fig. 3.7 Adsorption and photocatalytic performance of NiO NPs prepared at various 

temperatures towards RB-5 and MB dyes. 

Fig. 3.8 (a) illustrates the optical absorption spectra of dye (MB, RB-5 and AY-23) 

solution over CuO NPs. By increasing the reaction time, the dye absorbance decreases 

because of the more dye molecules being adsorbed on the surface of CuO NPs. 

Therefore, less number of photons reach the catalyst surface and therefore less radical 

species, thus resulting in less absorbance of dye. 

 

Fig. 3. 8 (a) Absorption spectral changes and (b) photo-catalytic degradation of 

various dyes by CuO NPs under visible light. 
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Fig. 3.8 (b) displays the graph of degradation efficiency against irradiation time for 

AY-23, RB-5, and MB. At the time of 5h, the dye degradation was estimated ~ 43.5, 

66.3 and 67.8 % for MB, AY-23, and RB-5, respectively. According to these results, 

the photo-catalytic degradation of RB5 was found to be more than that of AY-23 and 

MB, because of its molecular structure which is more favorable for oxidation. The 

improved degradation percentage in RB-5 can be interpreted in terms of Molecular 

weight of dye. Molecular weight defines a number of particles in the dye. More the 

molecular weight, more particles is exposed towards the photo-catalyst and thus 

creates a more adsorbed layer over the catalyst surface. According to the second law 

of photochemistry, each atom or molecule receive one photon; therefore RB-5 

receives the excess number of photons compared to AY-23 and MB, intern increase 

the rate of photo catalytic reaction in the system of RB-5-CuO, therefore, enhancing 

the RB-5 degradation efficiency (Okabe 1978). 

The photo-degradation and adsorption efficiency of NiO NPs towards dye MB and 

RB5 are depicted in the Fig.3.9. During initial 30 min, RB - 5 dye removal was fast, 

in the range from 0 % to 72.4 %. Afterwards it was found to be slow due to the 

adsorption limit, estimated in the range from 64.5 % to 87.2%. The removal of dye is 

mainly affected by the annealing temperature of the NiO NPs. The dye RB-5 removal 

efficiency was approximated to be in the range from 65 % to  87.2 % when NiO NPs 

are annealed with a temperature range from 200 °C to 400 °C, at the reaction time of 

60 min. Table 3.2 shows the comparison of removal of RB-5 dye under various 

laboratory conditions.  
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Table 3.2 Comparison of RB-5 Removal of NiO NPs with reported literature values.  

Catalyst Amount Dye 

concentration 

Time Source   Degradation    

(%) 

Reference 

N-doped TiO2 0.24 

g/200 ml 

10 ppm 3 h Visible light 52.4 (Kaur et al. 

2015) 

Micrococcus 

luteus 

 20 mg/L 3 

days 

Bio-

degradation 

66 (Saratale et 

al. 2010) 

TiO2 ----- 10 mg/L 10 h UV light 80 (Puentes-

Cárdenas et 

al. 2012) 

TiO2 ----- 10 mg/L 300 

min 

UV light 70 (Kodom et 

al. 2013) 

CuO 250 

mg/L 

10 ppm 60 

min 

Ultrasound 50 (Saravanan 

and 

Sivasankar 

2016) 

NiO (400 °C) 30 mg 3×10-5 M 60 

min 

No light 87.2 Present 

work 

NiO (300 °C) 30 mg 3×10-5 M 60 

min 

No light 70.2 Present 

work 

NiO (200 °C) 30 mg 3×10-5 M 60 

min 

No light 65 Present 

work 
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Fig. 3.9 Effect of time on removal/degradation of dye over NiO NPs. 

 

In the case of MB adsorption over NiO, the removal of dye is fast in the beginning 

due to the availability of vacant surface sites and gets nearly saturated, when the 

reaction time was increased from 3h to 5h. On the contrary, the degradation of the 

MB was about 50.8 %, 57.6 % and 70.2 % for the catalyst at an annealing temperature 

of 200 °C, 300 °C, and 400 °C respectively, after irradiation under visible light. 

Hence, it is noticed that the degradation rate of MB increases with the rise in 

annealing temperature of the catalyst. A rise in the annealing temperature of NiO NPs 

results in the reduction of the band gap of NPs as depicted in Fig.3.9. The maximum 

degradation efficiency of MB in the current work is comparatively better than the 

literature values, as displayed in Table 3.3. 
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Table 3.3 Comparison of photocatalytic degradation of MB dye using NiO with 

reported literature data. 

Catalyst  Dye 
concentration 

Amount  Source Time 
(h) 

 Degradation 
(%) 

Reference 

α-Bi2O3 (Sol-
gel method) 

2×10-5 M 100 mg Visible 
light 

6 30 (Jalalah et al. 
2015) 

α-Bi2O3 
(Hydrothermal) 

2×10-5 M 100 mg Visible 
light 

6 50 ‖ 

Hematite (α-
Fe2O3 )(0.5% -

spheres) 

20 mg/L 2.5 g/L Sun light 8.3 51 (Tan et al. 
2013) 

Hematite (α-
Fe2O3 )(1% -

ellipsoids) 

20 mg/L 2.5 g/L Sun light 8.3 33 ‖ 

CuO (CTAB) 3×10-5 M 20 mg Visible 
light 

6 43 (Rao et al. 
2015) 

HNbWO6 5×10-5 M 50 mg UV light 6 62.5 (Hu et al. 
2015) 

poly(TPT)/TiO2 1×10-5 M 40 mg UV light 7 51.5 (Jamal et al. 
2014) 

Flower like 
CuO 

10 mg/L 20 mg H2O2 8 65 (Yang and He 
2011) 

ZrO2 20mg/L 10 mg UV 2 33 (Khaksar et al. 
2015) 

ZnS:CdS (Wt% 
50:50 ) 

10mg/L 100 
mg/L 

Visible 
light 

6 65 (Soltani et al. 
2012) 

NiO (200 °C) 310-5 M 30 mg Visible 
light 

5 50.8 Present work 

NiO (300 °C) 310-5 M 30 mg Visible 
light 

5 57.7 Present work 

NiO (400 °C) 310-5 M 30 mg Visible 
light 

5 70.2 Present work 
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The photocatalytic activity of the catalyst was commonly associated to its Eg. The 

detected Eg of catalyst is in the range from 2.3 eV to 4.1eV, as displayed in Table 3.1. 

Considering the large Eg of catalyst, the wavelength of the irradiation for the 

generation of charge carriers over the NiO- MB system should be less than 400 nm. 

However, in the present case, the visible light absorption can be interpreted utilizing 

the oxygen molecules in the catalyst. The temperature creates the intermediate energy 

levels near the valance band, to induce the absorption in the visible region. This was 

attributed to the creation of oxygen species, whose π* and π atomic orbital's lie just 

above and below the valence band of catalyst (Naldoni et al. 2012). The catalytic/ 

adsorption process is related with degradation/removal efficiency as depicted in 

schematic Fig.3.10. 

 

Fig. 3.10 A schematic illustrations for removal of azo dyes from water through 

combination of adsorption and photocatalytic oxidation of NiO 

 

3.3.4 Reaction Kinetics 

In order to study the further details for the adsorption and photocatalysis of NiO NPs, 

kinetic isotherms were examined: 

      Here qe (mg/g) is the quantity of dye adsorbed over NiOat equilibrium and qt 

(mg/g) is the quantity of dye adsorbed over NiO at time ‘t’, respectively. K1 (min-1) 

and K2 (g/ (mg min)) are the first and second order rate constants, may be determined 

empirically from the slopes in the plot of t against log (qe - qt) (Eq. 45) and t against 

t/qt (Eq. 46), respectively. For photo degradation, rate constant was evaluated from t 

against ln (C0/Ct). 
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As illustrated in Fig. 3.11, all the graphs are linear with R2 (correlation coefficient 

value), which specified the validity of kinetics. The related kinetic values for both 

processes are presented in Table 3.4. It can be concluded that the adsorption of RB-5 

over NiO NPs was found to obey the pseudo-second-order kinetic model because 

R2
2> R1

2, whereas, photo degradation of MB over NiO NPs obey pseudo-first-order 

kinetic model because R1
2> R2

2. The increment in the rate constant of the dye with 

annealing temperature is attributed to a reduction in the band gap, as well as an 

increment in the grain size. The evaluated K and R2 values in the present work are 

found to be higher than the literature values are summarized in Table 3.5. 

The enhanced removal/degradation efficiency of the catalyst can also be correlated to 

the surface area. As the annealing temperature enhanced, as evident from image J 

values, geometrical surface area increased, it results in an increase in a number of 

surface active molecules, which contribute to the adsorption of more number of dye 

molecules onto the surface of catalyst (Mehta et al. 2011).  

 

 

Fig. 3.11 Kinetic graphs for the different dye onto NiO NPs at various temperatures. 
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The degradation rate of dye (MB, RB-5 and AY-23) over CuO NPs is shown in  Fig. 

3.12. The related kinetic (k) and correlation coefficient (R2) values are summarized in 

Table 3.6. It was noted that the the photo-catalytic degradation of three colorants on 

the prepared CuO NPs follows the first order kinetic type; ln(Ct/C0) = k1t, where k1 is 

the first order rate constant. The correlation constant for the fitted line was found to be 

R1
2 = 0.981, 0.992 and 0.993 for MB, AY-23 and RB-5 respectively. The rate of 

degradation in the presence of visible irradiation was estimated to be k1 =-0.201, -

0.174 and -0.112  h-1 respectively. Among three colorants, the decomposition rate of 

RB-5 is much higher than the MB and AY-23. An increase in the rate constant of RB-

5 could be attributed to the increased efficiency rate of absorbance of RB-5 in an 

aqueous solution that caused by enhanced correspondence to the electron transition in 

a RB5-CuO system (Abdul Rahman et al. 2014). 

 

Fig. 3.12 Zero, first, and second, order kinetics for degradation of various dyes after 

light illumination. 
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Table 3.4 Kinetic constants for dye (RB5 & MB) removal on NiO NPs. 

Temp. Kinetic constants correlation coefficients 

k1, RB5 k2, RB5 k0, MB k1, MB k2, MB R1, RB5
2 R2, RB5

2 R0, MB
2 R1, MB

2 R2, MB
2 

200 0.0071 0.0111 0.067 0.169 0.154 0.6296 0.9847 0.892 0.937 0.929 

300 0.0071 0.0128 0.077 0.710 0.289 0.7875 0.9778 0.961 0.955 0.923 

400 0.0137 0.0144 0.079 2.085  0.824 0.9085 0.9708 0.931 0.985 0.890 

 

Table 3.5 Comparison of rate constant (k) and correlation coefficient (R2) values, with 

reported values in the literature for the removal of dyes. 

Catalyst Dye k R2 Reference 

10-ST/BB Reactive black 5 0.03003 0.94444 (Kanagaraj and 
Thiripuranthagan 

2017) 

CeO2 /ZnTi–LDH 
composite 

MO 0.0479 0.9615 (Xia et al. 2014) 

CeO2 /ZnTi–LDH 
composite 

MB 0.0429 0.9664 ‖ 

Ir-Sn-Sb oxide Acid Yellow 36 0.146 0.981 (Aguilar et al. 
2017) 

α-Fe2O3@GO MB 0.0190 0.943 (Liu et al. 2017) 

CO3O4 Methylene blue 0.408 95.4 (George and 
Anandhan 2015) 

TiO2 MB 0.0023        0.942        (Mukhlish et al. 
2013) 

AAc/PVP/ZnO MB 0.0056 0.961 (Ali et al. 2016) 

ZnO RB5 0.0090 0.9152 (Laohaprapanon et 
al. 2015 p. 5) 

ZnS RB5 0.3477 0.9382 (Goharshadi et al. 
2013) 

NiO RB5 0.0144 0.9847 Present work 

NiO MB 2.084 0.985 Present work 

 



96 
 

Table 3.6 Kinetic parameters for photo catalytic degradation of MB, AY-23, and RB-

5 on CuO NPs. 

Dye Zero order First order Second order 

R0
2 k0 R1

2 k1 R2
2 k2 

MB 0.960 -0.175 0.981 -0.201 0.890 0.215 

AY23 0.973 -0.257 0.992 -0.174 0.926 0.258 

RB5 0.981 -0.102 0.993 -0.112 0.953 0.794 

 

3.4  Conclusions  

The present study concludes that the prepared NiO and CuO NPs were found to be  

efficient catalysts for the quantitative removal of RB-5, MB& AY-23 from the 

aqueous solutions. Evidently, 87.2 % of the RB5 dye was successfully removed at the 

temperature of 400 °C in 60 min, whereas, 70.2 % of the MB dye was degraded. 

Among all dyes, dye RB5 displayed maximum degradation percentage around 67.8 % 

at 5h with degradation rate ~ -0.112 h-1, due to the electrostatic interaction between 

RB5 and CuO. The highest percentage of dye removal/degradation is attributed to the 

larger surface area, smaller crystallite size, lower band gap of the catalyst 

respectively.  
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CHAPTER 4 

PREPARATION, CHARACTERIZATION AND 

ELECTROCHEMICAL PROPERTIESOF SILICON 

NANOSTRUCTURES 

4.1 Introduction  

This chapter consists of the details of fabrication silicon nanostructures (Si NSs) using 

electrochemical etching technique, and the effect of current density and etching time on 

structural and optical properties of Si NSs. Testing of synthesized Silicon nanowires 

(NWs) as anode in Li ion cell and the effects of cycling on the structural, optical, 

electrochemical properties and the performance of the anode is also discussed. 

Silicon (Si) is semiconducting material with an indirect-band gap. Si is abundant, eco-

friendly, has high theoretical charge capacity (4,200 mAh/g) and low discharge 

potential, making it suitable for battery applications. However, conventional 

crystalline silicon by itself has practical limitation due to its large volume changes 

upon charge transportation, which leads to loss of electrical contact and capacity 

fading (Su et al. 2014). To solve these issues, various nanostructures (NSs) are 

nanopores (PS) and nanowires (NWs) from crystalline Si needs to be developed. Si 

NWs provide short diffusion ion paths, as well as, accommodate reversible volume 

changes during lithium ion extraction/insertion (Battaglia 2015). However, there are 

only few studies on the mechanical and structural properties, and how to control the 

volume changes in the Si NSs, during electrochemical cycling.  
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4.2 Preparation of Si NSs 

Silicon substrates of n-type, (100) crystallographic orientation and a diameter of 7.62 

cm has been used in all the experiments. Here, the complete process is performed in 

the two electrodes of an electrochemical cell. The silicon (Si) wafer with an area of 

1×2 cm2 as anode, graphite foil of equal area as cathode and the solution of 

hydrofluoric acid with ethanol in 1:2 ratio was used as electrolyte. A DC current 

source was used to supply the current density in the range of 10-60 mA/cm2 at the 

etching time of 0.5-1h. Finally, the samples were rinsed in de-ionized water and dried.  

 

4.3 Results and Discussion  

4.3. 1   Structural and optical properties of PS at the different etching time 

Fig. 4.1 (a) shows the topographical images of various PS samples. The pores grown 

along <100> directions were attributed to the electrochemical dissolution. In order to 

check the surface elements, the EDX testing is performed at a spatial region in all 

SEM images shown in Fig. 4.1(b). The porous layer contains four elements; oxygen 

(O), fluorine (F), and Carbon (C), which possibly arise from the electrolyte, and 

detected in very low quantity and Silicon (Si) obtained from the substrate in large 

quantity.   

Fig. 4.1 (c-d) shows the pore size distribution in the form of a histogram from the 

image J Software based on more than 200 particles. Table 4.1 summarizes the 

morphological factors of pore mean size and inter pore distance based on image J 

analysis. As the etching time was increased, the pore mean size increased and the inter 

pore distance decreased. The increase in pore size was the result of active dissolution 

of Si at the pore wall. As the electrochemical dissolution process continued, 

dissolution also proceeded in the <111> direction, creating side branches from the 

main pore due to the availability of more holes. Propagation of pore preferentially 

occurred in such direction along with pore tip (Hollister 2005). However, dissolution 

in this direction came to a halt once the holes are depleted. This was due to the high 
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energy barrier created by the inter-pore distance, which became smaller with the 

progress of dissolution. This is in agreement with the work of Milani et al. (2006), 

who prepared PS from a low doped n-type Si with an etching time that ranged from 

10 to 50 min at 25 mA cm–2.  

 

Table 4.1. Morphological parameters of PS samples prepared for various etching time. 

Sample Average pore size (nm) Average inter pore distance (nm) 

S1 238.98 6434.33 

S2 1117.32 4362.13 
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Fig. 4.1 (a) SEM images of PS on a (100) Si substrate at the various etching time, (b) 

EDAX pattern of the preparation of PS, (c) the porous size determination and (d) the 

inter pore size distribution based on image j software.   
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Fig. 4.2 shows IR spectrum in the range of 650-4000 cm-1 of PS/Si sample prepared at 

a constant current density of 10mA/cm2 for a time period of 1h. The spectrum reveals 

many distinct peaks with different intensities. The silicon-hydrogen bonds, such as 

wagging mode of SiH at 740.24, Scissor of SiH2 at 899 and stretching mode at 

2078.89 cm-1 are observed for hydrogen terminated silicon (Nayef 2013). The peak at 

1031.73 and 1368 cm-1 indicates the presence of Si-O-Si wagging mode and SiOH, 

respectively, due to the interaction of surface of PS with moisture in the open 

atmosphere (Arce et al. 2006). A smaller peak at 1452 cm-1 corresponds to C=C 

stretching mode and another peak at 2346.94 cm-1 related to the presence of CO2 

(Yorikawa and Muramatsu 2000). The strong transmittance peak observed at 2850-

2920 cm–1 indicates CH2 symmetric stretching (Jayachandran et al. 2001). The carbon 

impurity originates probably from exposing PS to air, which is known to yield some 

carbon contamination (Thei\s s 1997), or due to washing in ethanol immediately after 

electrochemical anodization.  

 

Fig. 4.2 FTIR spectra of freshly prepared PSLs at the etching time of 1h. 

Fig. 4.3 (a) shows that the XRD spectrum of the sample of S2 in the range from 20° to 

80°. Here, we have observed two diffraction peaks at 2θ = 33.30 and 69.50 with 

miller indices of (200) and (400), respectively. The peak at 2θ = 33.3 indicating the 

formation of pores on the Si surface and sharpness of the peak indicated that PS 

contained cubic crystalline structure. The peak at 2θ = 69.50 indicates crystalline 

silicon (c-Si). Fig. 4.3 (b) shows the Raman spectra for two PS samples with an 

etching time of 30 min and 1h.  For all the samples, Raman line is narrow and 
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symmetric, centered at 520 cm-1 but the peak intensity increases with increasing 

etching time. The average size of the Si crystallites calculated using Eq. (4) are 

summarized in the Table 4.2.  

Table 4.2. Raman parameters of PS samples prepared at various etching time. 

Sample Raman Peak (cm-1) Crystallite size (nm) 

30 min 520.87 122.77 

1 h 520.32 24.88 

 

Fig. 4.3 (c) shows the PL spectra of PS samples at the different etching times. There is 

a broad emission peak observed at 650 nm for the time period of 30 min. The origin 

of this peak is ascribed to radiative recombination of electron-hole pair in silicon 

nanocrystals, when the electrons transmit from a higher energy level to a lower energy 

level, followed by the absorbed energy corresponding to band gap. PS contained Si-

Hx radicals interact with moisture and get oxidized, produce energy levels, and these 

energy levels are thought to be embedded in the silicon nanocrystallites in the PS 

(Lehmann and Gösele 1991). In longer etching time, the size of the silicon crystallite 

becomes smaller, distributed widely and their energy levels were discrete and have 

the large energy gap between them, which results in a intense emission peak. At the 

lower etching time, there is no luminescence observed because PS contains thin oxide 

layer on its surface and size of the crystallite becomes larger. They can act as photo 

absorptive states and their energy gaps are close to each other (Kim et al. 2004). 

When electron absorbs the photon energy, it is excited to higher energy level from 

lower energy level, after some time, it recombines with holes without losing energy 

because of the smaller band gap.  In this case PL becomes almost undetectable. 
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Fig. 4.3 (a) X-ray diffraction pattern of PS at the etching time of 30 min  (b) Raman 

spectra of PS measured at the different etching time of 30 min and 1h. Fig. (c) PL 

spectra of PS. 

 

4.3.2 Structural and optical properties of PS at the different current 

density 

Fig. 4.4 (A) shows surface morphology of PS, consisting large number of pores 

distributed randomly over the surface. The pores are grown along <100> directions 

and attributed to the electrochemical dissolution. Fig. 4.4 (B) depicts the correlation 

of the pore depth (t) as a function of the current density. The pore depth increased 

with increase in current density due to increased rate of supply of holes. Fig.4.4 (C) 

shows the size distribution like pore dia (Fig. (C-a)) and the inter pore distance (Fig. 

(C-b)) based on image J Software. As shown in the Table 4.3, the increase in pore dia 

and decrease in the inter pore distance with current density was the result of active 
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dissolution of Si. The porosity was calculated from the following equation (Herino et 

al. 1987).  

                  P = ((π/2) ×1.732) [1/ {1+ (d/D)}]                                               (46) 

where, d is the inter pore distance and D is the pore dia. 

Table 4.3 the structural parameters of PS samples. (where, t - pore depth, D - pore dia, 

θ - contact angle, d - inter pore distance,  X – crystallite size, P – porosity, γs - surface 

free energy, w - base width,  R - regularity ratio, Rsk surface skewness, Rq - RMS 

roughness, Rku - surface kurtosis and Ra - average roughness ). 

Sample t 

(µm) 

D 

(nm) 

d 

(nm) 

X 

(nm) 

θ0 w γs 

(mN/m) 

P 

(%) 

R Ra Rq Rsk Rku 

S1 12 312 1121 63 76 1.6 28 13 1 10 18 -4.2 26 

S2 22 358 1009 35 112 1.2 6.9 19 6.2 13 21 -2.2 13 

S3 48 524 930 20 120 1 4.4 35 17 66 69 0.08 1.2 

 

Fig. 4.4 (D) shows the wettability graphs the PS. The contact angle enhanced with 

current density because of reduction in the base width. The surface tension of the PS 

is determined from the following equation (Shuttleworth 1950).  

                   γs = (γL(1 + cosθ)2)/4                                                                  (47) 

where, γs is surface free energy of PS, γL is the surface free energy of water (71.9 

mN/m), θ is contact angle. 

EDX analysis of sample S1 is shown in Fig. 4.4 (E). Si is present in large quantity 

from the substrate and oxygen (O), fluorine (F), Carbon (C) was detected in very low 

quantity from the electrolyte. 
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Fig. 4.4 (a) Plane view and (b) Cross-sectional views of SEM of PS samples 

(S1,S2,S3) at different current density, (c) Histograms showing particle size (up) and 

inter pore distance distribution (down) of PS samples, (d) Contact angle images of PS, 

(e) EDX spectrum of freshly prepared PS.  The samples were labeled as S1-10, S2-20 

and S3-30 mA/cm2 
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SEM images are analysed using two-dimensional FFT, to study the arrangement of 

nanopores as shown in Fig. 4.5 (a). The radial average is shown in Fig.4.5 

(b)which,helps in deriving the regularity ratio (R) of PS using equation (Stępniowski 

et al. 2014):  

                                           R = I/W                                                              (48) 

where, I is the intensity and W is the width of the radial average at half of its height. 

To measure the roughness parameters, such as average roughness (Ra), RMS 

roughness (Rq), surface kurtosis (Rku) and surface skewness (Rsk) of the PS, as shown 

values in the table 1, the 3D topographical images of PS have been investigated using 

WSxM software as depicted in Fig. 4.5 (c-d). The average roughness of PS is 10, 13 

and 66 for the sample of S1, S2, and S3, respectively. The surface average roughness 

increased with the increase in the current density due to increasing porosity and pore 

diameter (Sivakov et al. 2010). From Table 4.3, it can also be observed the RMS 

roughness of PS increased with increase in current density, because of increased 

number of nano-pores, leading to increase in the content of Si-H and its co-branches 

on the surface of PS. Using roughness skewness, on PS surface, the valleys were 

dominant at lower current density and peaks were dominant at higher current density. 

Using roughness kurtosis, at the lower current density (S1 & S2) PS contained the 

spiky surfaces; at the higher current density (S3) PS contains bumpy surfaces (Wang 

et al. 2006). 
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Fig. 4.5(a) FFT analysis of the PS,  (b) Angular averaging of the FFT radial profiles, 

(c) Images obtained using WSxM software (d) Topography profiles of PS at various 

current densities (S1-10, S2-20 and S3-30 mA/cm2). 

 

  In Fig. 4.6 (a), FT-IR spectra reveals bonds from the various functional groups of 

molecules on the surface of PS. Initially, the freshly prepared PS layers possessed the 

silicon-hydrogen bonds, such as stretching mode of Si-H at the wave number of 2080 

cm-1, wagging mode of SiH2 at ~ 670 cm-1 and Si-H2 scissor mode at ~ 900cm-1, 

respectively. The asymmetrical stretching bonds of Si-O have been formed in the 

range of 1013.2 cm-1 to 1090.2 cm-1, when the freshly prepared PS was exposed to the 

open atmosphere. Peak at 1445.56 cm-1 is due to CH3 asymmetric deformation. The 

strong transmittance peak observed at 2915-2924 cm–1 was assigned to the symmetric 

stretching mode of CH2 [11].  
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Fig. 4.6 (b) shows the Raman peak at 520 cm-1, arising from Si-Si vibrations of 

crystalline silicon. The size of the Si crystallites is calculated using Eq. (8). As shown 

in the Table 4.3, crystallite size reduced with increased the current density. 

               Raman peak (cm-1) = 521.01(10X/ (10X+0.337))                            (49) 

The Raman intensity increased with increased current density, because it is directly 

proportional to photon penetration length and Si crystalline density in the material 

(Guha et al. 1997). The optical properties of PS are shown in Fig. 4.6 (c-d). A red 

shift has been observed in peak positions of absorbance (UV-region) and 

photoluminescence with respect to the current density. The peak positions shifted 

towards the higher wavelength because, the oxidization of the PS layer enhanced with 

the increased of the current density, correspondingly the numbers of Si-H or Si-Si 

species reduced gradually. According to the electronic structure calculations, a 

decrease in the size of Si crystallites led to shift towards higher wavelength (Delley 

and Steigmeier 1995). On the other hand, an increase of the average roughness 

promotes an increase in the peak intensity in absorbance and photoluminescence, due 

to the increased concentration of granules over the surface layer of the PS. 
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Fig. 4.6 (a) FTIR spectra of PS layers, (b) Raman spectra of PS layers for various 

anodization current densities  (c) PL spectra of the PS (d) Absorption spectra of PS  

 

4.3.3 Structural, optical and electrochemical properties of Si NWs 

Fig. 4.7 (a) shows topographical images of Si NWs, possessing large number of NWs 

distributed randomly on the surface. The NWs are grown along <100> directions and 

attributed to the electrochemical dissolution. It can be also observed that the 

correlation of length of the NWs as a function of the current density. The length of the 

NWs increased with an increase in the current density due to increased the hole 

density. The surface elemental analysis of Si NWs also studied using EDS test as 

shown in Fig. 4.7(b), which was found to be identical of surface elemental analysis of 

PS as shown in Fig. 4.4(e). 
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Table 4.4 The calculated morphology parameters of Si NWs samples. (Where θ - 

contact angle (degree), X – crystallite size (nm), γs - surface free energy (mN/m), w - 

base width, Rq - RMS roughness (nm), λmax - PL peak position (nm), Ra - average 

roughness (nm), Rku - surface kurtosis and Rsk surface skewness. 

Sample γs Θ X λmax Rq Rsk W Rku Ra 

S1 56.05 74.7 5.93 661.6 53.02 0.073 1.63 1.37 45.29 

S2 41.73 120.4 4.89 659.4 60.40 0.227 1.01 1.98 52.59 

S3 17.06 149.1 4.81 655.1 65.40 0.528 0.74 2.01 61.55 

 

Fig. 4.7(c) shows the wettability graphs of Si NWs. The contact angle of Si NWs 

enhanced with an increase in the current density, because of reduction of the base 

width. The surface tension of the Si NWs is determined from the eqn. 2. The 

arrangement and roughness of Si NWs were analysed using FFT and WSxM software 

as depicted in the Fig. 4.8 (a-d). The structural parameters of Si NWs are illustrated in 

the Table 4.4. As shown in Fig. 4.8 (c-d), as the current density increased, the surface 

roughness of NWs increased, because of enhancement in the porosity on the 

individual NW.   
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Fig. 4.7 (a) Plane view of SEM  (b) EDS spectrum, and (c) contact angle images of Si 

NWs samples (S1,S2,S3) at different current density. The samples were labeled as S1-

40 mA/cm2, S2 - 50 mA/cm2 and S3 - 60 mA/cm2 
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Fig. 4.8 (a) FFT analysis, (b) Angular averaging of the FFT radial profiles, (c) Images 

obtained using WSxM software, and (d) Topography profiles of Si NWs at various 

current densities (S1-40 mA/cm2, S2 - 50 mA/cm2 and S3 - 60 mA/cm2). 

 

The FTIR spectrum in Fig. 4.9 (a) reveals all characteristics bonds of Si NWs. There 

is a significant change is seen in the spectrum of Si NWs, resulted from the various 

current densities. As the current density increased, the intensity of the transmittance 

band at 1430 and 1025 cm-1 reduced, due to an increased exposure of the inner surface 

area to the atmosphere. A peak at 1445.56 cm-1 is due to CH3 asymmetric 

deformation. Fig. 4.9 (b) depicts the PL spectra of Si NWs at different current 

densities. The PL can be explained by the radiative recombination of excitons in small 

silicon nanocrystals at the NW sidewalls, in terms of a quantum confinement model. 

It is obvious that the intensity of PL emission reduces with increasing current density, 

due to decreased prestine Si and increased Si-O or Si-H species. The average grain 

size was determined using Eq. (9). It is clear that the PL edge slightly shifts towards 

lower wavelength from sample S1 to sample S3. As a result, grain size decreases.  
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Fig. 4.9 (a) FTIR spectra  and(b) PL spectra of Si NWs. 

 

(a) Si NW anodes for Lithium ion battery applications: 

To perform electrochemical operations, half-cell was assembled in argon atmosphere 

with moisture content <0.1 ppm, including Si NWs (sample-S2) as anode, lithium 

metal foil as cathode, polypropylene as separator, solution of 1M LiPF6 in ethylene 

carbonate and diethyl carbonate in the volume ratio of 1:1 as electrolyte. The mass of 

the anode calculated using (Thakur et al. 2012); M=d×ANW×ρSi, was ~10-5 g. where 

ρSi, the density of crystalline silicon, is 2.33 gcm-3, and A is the surface area and d, the 

average depth of Si NWs, is 70.5 µm. The current is expressed according to the 

theoretical capacity of silicon (1C = 3.58 A/g).  

Fig. 4.10 (a) shows the electrochemical profiles of lithium ion cell. The cell was 

cycled between the voltages of 0 V to 1.5 V with current of + 2 mA at a different 

time. When the voltage rises through 0.1 V to 0.22 V, anode shows slight dilation. 

However, when the cell charges (lithium ion insertion) from 0.22 V to 0 V, the 

thickness of anode increases. Upon discharging (lithium ion extraction) the cell, 

anode thickness decreases from 0 V to 0.45 V, anode shows slight shrinkage in a 

voltage range 0.45 - 1.5. Then, resulted DC current turned on and off periodically. 

The area of the loop in the cell is directly proportional to the total energy that battery 

delivered. In Fig. 4.10 (b), the energy fade may be regarded as a good indicator for the 

practical performance of lithium ion cell. Notably, the discharge energy fade is 

significantly lower than the charge energy fade, possibly indicating an asymmetrical 

lithium ion transport limitation in the cell during cycling. In addition, the energy 
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efficiency has been calculated from the dynamic response as shown in the top portion 

of Fig. 4.10 (b). The energy efficiency significantly deteriorated for the first few 

cycles and latter it stays almost stable for remaining cycles. The stable energy 

efficiency indicates that lithium ion cell follows medium to high power.  

The cycling performance of the Si NWs is presented in Fig. 4.10 (c-d). The 

galvanostatic cycling tests were performed between 0 and 1.5 V (vs. Li+/Li) at a rate 

1C. As seen in Fig. 4.10 (e), the specific capacity gradually decreases with an increase 

in cycle number, which is attributed mainly to the growth of solid electrolyte interface 

(SEI) film on the electrode. However, the attained maximum charge and discharge 

capacity for the first cycle is 3452.47 mAh/g and 2963.57 mAh/g, respectively, 

claiming that the initial coulombic efficiency, defined as the ratio of the amount of 

lithium ion extraction over lithium ion insertion, is 85.8 %. This is higher than 

reported observations (Yao et al. 2011)(Kim et al. 2013). As can be seen in the inset 

of Fig. 4.10 (e), the charge and discharge potential of the cell was almost stable at 5.2 

mV and 1.51 V for the initial 50 cycles, eventually at 9 mV and 1.52 V for remaining 

cycles, respectively. The charge potentials are much lower than the previous report 

(Kohandehghan et al. 2014). The maximum specific capacity of Si NWs as anode in 

the present work is found to be more than the reported values, as shown in the Table 

1A.   
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Fig. 4.10 (a) Electrochemical profiles of anode as a function of time, (b) comparing of 

cycle behavior with energy and energy efficiency (inset) of anode, profiles of voltage 

versus capacity for anode during (c) first 12 cycles and (d) cycle from 13 to102, and 

(e) comparison of cycling behavior with specific capacity and potential (inset) of 

anode. 
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Table 4.5 Reported values for the electrochemical parameters of Si NWs as anode 

S. 

No. 

Charge 

capacity (F/g) 

Discharge 

capacity (F/g) 

Columbic 

efficiency (%) 

Reference 

1 3452.47 2963.57 85.8 present 

2 1368 2440 56 (Kang et al. 2011) 

3 3544 2725 77 (Yan et al 2016) 

4 1987 1536 77.3 (Jung et al. 2006) 

5 2014 1836 91 (Vidhya et al. 2009) 

6 3000   (Barbara et al. 2015) 

7 2000   (Shruti et al. 2010)  

8 1970 2615 73 (Rigved et al. 2005) 

 

 

Fig. 4.11 depicts the interpretation of the anode volume change on the cyclic 

behaviour as a function of the structural change and cell voltage. At 1st cycle, the cell 

was first recharged to 3 mV with a long taper time of 2 h, causing homogeneous ion 

diffusion in the anode. After this, the lithium-silicon alloys (LixSiy) continuously 

experience structural change, between the simple cubic phase (C1) and new simple 

cubic phase (C2) due to lithium-ion deintercalation (intercalation) during the charge 

(discharge) process. This reveals that the volume change of anode at the 13th cycle 

becomes more than the 12th cycle, when the cell voltage increases from 3 mV to 3.5 

mV, leading to inhomogeneous lithium ion diffusion in the electrode. However, the 

LixSiy structure on the anode remains in the C1 phase at a cell voltage of 3 mV, during 

the 12th cycle, due to slow lithium ion diffusion, as evidenced by the SAED. After the 

cell voltage increased to 5.2 mV, C1 and C2 phases coexists in the Li-Si structure, and 

the volume of the outer region in anode decreases with cycling as demonstrated in 
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Fig.4.11. In orderly, the outer region of nanowires is removed from the anode with a 

smaller taper time, the inner region of an anode holds residual silicon ions and attains 

the C2 phase at the end of 20thcycle. Interestingly, few diffraction spots in the SAED 

pattern are better indication of the Si NWs before the 20th cycle, as well as, after 20th 

cycle. Consequently, the Li-Si structure reset to the C2 phase at the end of the cycling, 

and the volume change of anode after 50th cycle is larger than the earlier cycles, as 

seen in cycles 20 and 50, at a voltage of 5.2 mV, due to much slower lithium ion 

diffusion. This leads to cracks and pulverization of anode instead of contributing to 

lithiation. After 102 cycles, continuous growth of solid state interface layer on the 

pulverized surface induces a significant increase in resistance, loss of cyclable Li ions 

and electrochemical isolation of individual Si NWs, leading to the complete 

deactivation of Si, and resulting in null or very low capacity of the cell. 

 

 

 

Fig. 4.11 SEM/SAED micrographs of anode at various cycle number. 

As seen above, the charge transfer process in the cell could be related to the 

magnitude of the shrinkage/extension of an anode, as a result, the structural and 

optical properties may change accordingly. From Raman spectra (Fig. 4.12 (a)), the 

average crystallite size (D) of an anode, calculated using Eq. (5), increases upon 

cycling. At low cycle number, crystallites are smaller, resulting in broadening of the 
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Raman peak. At higher cycle number, crystallinity is more, whereas the peak width is 

narrow and hence larger crystallites are formed. Using the above crystallite values, the 

dislocation density (δ), which reveals the amount of defects in a unit volume of anode, 

has been estimated using Eq. (6). Dislocation density decreases with an increase of 

cycle number, due to decrease in the number of imperfections and grain boundaries 

with an increase in the crystallite size of an anode. 

 

 

Fig.4.12 (a) Raman (b) UV-visible absorption and (c) band gap spectra of anode at 

various cycles. 

 

Fig. 4.12 (b-c) shows the absorbance and band-gap energy of Si NW anode. As shown 

in Fig. 4.12 (b), all samples show absorption at nearly visible region of the 

electromagnetic spectrum, due to the d-d transitions of silicon ions in the anode. The 

band-gap energy Eg for the anode was estimated using Eq. (11). The optical band gap 

was obtained by extrapolating the linear portion of the curve to intersect the energy 

axis, as shown in the Fig. 4.12 (c). An increase in the band gap is attributed to 

decrease in the dislocation density of an anode upon cycling. The surface area of an 

anode estimated using image J software of SEM images, show decreasing trend with 

cycle number. The structural and optical parameter values are given in the Table 4.5. 
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Table 4.6 The physical properties of anode as a function of cycle number. 

Cycle. 

no 

Band gap 

(eV) 

Raman 

position (cm-1) 

Crystallite 

size (nm) 

Dislocation density 

×1015  (m-2) 

Surface area 

×103 (µm2) 

Specific 

capacity 

(mAhg-1) 

1 2.26 516.90 4.65 46.2 1.586 3452.4 

12 2.56 517.51 4.98 40.3 1.364 1134.3 

13 2.62 518.53 7.04 20.1 1.121 13.5 

20 2.70 519.52 11.75 7.2 0.022 9.0 

50 2.83 520.11 19.47 2.6 0.019 7.1 

102 2.90 520.87 125.38 0.06 0.0 56 0 

 

4.4  Conclusions 

 

Porous silicon layers were prepared via electrochemical etching method for different 

etching time, as well as current density. The pore diameter increases and the inter-

pore distance decreases, when the etching time and current density was increased. The 

XRD spectra of PS layer showed a sharp peak at 2θ=69.5°, which confirmed that the 

crystalline properties of PS. From FTIR in PS, on as-prepared samples, Si-H, Si-OH, 

Si-O-Si species and carbon related groups were measured successfully. From FFT and 

WSxM analysis, regularity ratio and average roughness of the Si NSs increased with 

increase in the current density. The Raman analysis showed that the peak intensity 

sharply increases with increase of etching time, because porosity increases. The 

average size of nanocrystals obtained by Raman line shape analysis is found to be in 

the range of 122.7 - 24.8nm. Investigation of the PL properties revealed that the PS 

shows an intense emission band at the wavelength of 650nm, because of the radiative 

process, associated with surface oxidation. The electrochemically etched Si NWs, as 

Lithium ion battery anode provides several benefits at a low cycle number. Firstly, the 

individual NWs provide better electrical conductivity than smooth films due to low 

thickness of SEI layer that enhances specific capacity. Secondly, micro-porosity helps 

to accommodate volume changes during cycling, without losing the structural 

integrity and enables easy infiltration of electrolyte and fast Li ion diffusion, resulting 

in high coulombic efficiency. 
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CHAPTER 5 

SUMMARYAND FUTURE DIRECTIONS 

5.1 Summary 

5.1.1 Growth, characterization and catalytic activity of MnO2 and 

rGO/MnO2 NWs 

MnO2 nanowires were grown using the hydrothermal process and studied the effect of 

KMnO4 concentration on it. 

According to XRD pattern, α-MnO2nanowires are well crystallized tetragonally in the 

[211] lattice planes. The mean crystallite size of α-MnO2 nanowires was obtained 

using Debye-Scherer formula. It increased linearly within the range of 15-25 nm as the 

concentration of oxidizer was increased in the range of 0.21-0.63 mmol, at a fixed 

hydrothermal temperature and duration. 

Nanostructured α-MnO2 has an absorption band in the wavelength range of 210–400 

nm and a broad absorption band in the region of 410–800 nm, respectively. The 

absorption band in UV region may be attributed to the electron transition from 

valence bands to conduction bands. The optical absorption of MnO2 nanostructures in 

the visible light range originate mainly from d–d transitions of Mn ions. 

The absorption spectra of α-MnO2 exhibit a band gap of 2.55 to 1.27 eV, which is red 

shifted with tuning KMnO4 concentration. 

It was found that the prepared α-MnO2 exhibit high catalytic activity for the 

degradation of RB-5. The degradation result could be related to the structural and 

optical properties of the nanostructured catalyst. Furthermore, Fenton catalytic 

mechanism investigations demonstrate that OH• and O2
• play the key role in the 

Fenton process. 
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A composite of graphene oxide supported by needle-like MnO2 (rGO-MnO2 NWs) 

has been fabricated through a simplest hydrothermal route, whereas rGO nanosheets 

were prepared using modified hummer method and KMnO4 and NaNO3 as reagents. 

SEM micrographs conform that MnO2 NWs grew on the surface of rGO sheets that 

acted as substrates for the nucleation of MnO2 NWs, indicating a heterogeneous 

nucleation. The average surface area, from BET analysis, calculated for rGO/ MnO2 

NWs is about 59.1 m2g-1, whereas for pristine MnO2 NW it is about 37.7 m2g-1. The 

increased surface area of NWs is due to the presence of rGO nanosheets in the 

rGO/MnO2. 

From XRD, all the diffraction peaks in the undoped and rGO doped MnO2 nanowires 

are well matched with the body-centered tetragonal phase, with lattice constants a = b 

= 9.7847 Å and c = 2.8630 Å. The broad diffraction peak positioned at 23.5 

corresponds to (002) plane, indicates the presence of an rGO. The interlayer spacing 

of rGO was 0.37 nm, slightly larger than that of graphite, which resulted from a small 

amount of residual oxygen-containing functional groups or other structural defects. 

The mean crystallite size, determined using Debye-Scherer formula,  was found to 

decrease within the range of 14-23 nm,for rGO-MnO2 nanowires compared to bare 

MnO2 nanowires. 

Raman spectra display three core peaks at 506 cm-1, 565 cm-1, and 648 cm-1 identified 

with MnO2 NWs. The characteristics peaks of rGO centered at 1345.8 cm−1 and 

1596 cm−1 were attributed to D-band and G-band, respectively. The ID/IG ratio is 

reduced slightly from 0.99 for rGO to 0.97 for rGO/MnO2 NWs, which can be 

attributed to an increase in defects on the surface of the reduced GO, that were 

induced during hydrothermal reduction. 

The catalytic activities of undoped and rGO doped MnO2 nanowires were investigated 

through the degradation processes of the RB-5 solution under dark. The obtained 

results designated that the as-synthesized rGO/MnO2 nanowires have higher photo-

degradation efficiency of RB-5 (84%) as compared with MnO2 nanowires (63%), 

which is due to the higher surface area, large dislocation density. Influences of 
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concentration of dye, H2O2 and rGO/MnO2 on the degradation of RB-5 were 

examined.  

Doping with Sn improves the specific capacitance of electrodes. According to CV 

study, the specific capacitance of MnO2, rGO-MnO2 and Sn@rGO-MnO2 was found 

to be 139.05, 309.7 and 460.9 Fg-1 at a scanning rate of 20 mVs-1, in an aqueous 

Na2SO4 solution (1 M) respectively, for super capacitor electrode applications. 

 

5.1.2 Growth, properties and adsorption/photocatalytic activity of NiO 

nanoparticles  

Nickel oxide (NiO) nanoparticles were successfully synthesized via thermal 

decomposition of the precursor nickel nitrate hexahydrate. 

The X-ray diffraction pattern studies revealed the NiO has a face-centered cubic 

(FCC) structure and confirmed the presence of high degree of crystallinity of NiO 

nanoparticles. The mean crystallite size of NiO samples increases in the range of 2-

5.4 nm with increase in annealing temperature in the range of 200-400 °C. 

SEM images revealed that prepared NiO products have smooth and uniform particle 

morphology with an average diameter of several nanometers. The estimated surface 

area of NiO nanoparticles by image J analysis reveal that it increases with the increase 

in annealing temperature. 

The UV-visible spectra of NiO showed a strong absorption peak at visible region. The 

band gap energy is found to be in the range of 4.1 to 2.3 eV, with increasing annealing 

temperature, which is attributed to the better quantum confinement effect. 

The removal of RB-5 and photocatalytic degradation of MB in water was studied 

using NiO in the absence/presence of visible light irradiation. The obtained results 

indicate that the photocatalytic degradation yield increased from 50.8 % up to 70.2 %, 

whereas removal yield increased from 65 % to 87.2 % with increasing annealing 

temperature, when activated NiO based nanoparticles were used for an irradiation 
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time of 6 hours. The degradation rate of MB and removal rate of RB-5 could be well 

described by the first and second order kinetics, respectively. 

 

5.1.3 Synthesis, characterization and Photo-catalytic activity of CuO 

nanoparticles  

CuO nanoparticles were synthesized by precipitation method using the precursor of 

copper (II) nitrate trihydrate. This method has many advantages such as economic 

viability, ease to scale up and less time consuming. 

It is observed from the structural analysis that the CuO nanoparticles are monoclinic 

in nature with lattice constants of ɑ = 4.6500 Å, b = 3.410 Å, c = 5.110 Å and α = γ = 

90°, β = 99°.  

The SEM image displayed agglomerated Cu nano particles, spherical in shape. The 

UV‐Visible absorption spectrum of CuO nanoparticles shows a strong absorption 

peak at about 437.6 nm, assigned to the electronic transition from n to π* molecular 

orbitals of the ligand, which is a good evidence of CuO NPs.The band gap energy 

calculated from the absorption spectra, was estimated around 1.76 eV, that is lower 

than the reported value for the bulk CuO (1.85 eV) 

As prepared CuO nanoparticles are used as acatalyst for photocatalytic degradation of 

RB-5, MB, and AY-23, which are organic pollutants. CuO showed excellent activity 

for the photo degradation of RB-5 under visible light irradiation, with efficiency 

estimated to be 67.8 % at 5h illumination. The catalysis isotherm equations like 

pseudo order types were applied and the values of their respective constants were 

evaluated by adopting the graphical method. The degradation rate for all the dyes 

followed the pseudo first order kinetics. 
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5.1.4 Structural, optical and electrochemical properties of Si NSs 

The contact angle of PS reduced from 120.10 to 760 as the current density was reduced 

from 30 to 10 mA/cm2. The contact angle of Si NWs reduced from 149.10 to 74.70 as 

we reduced the current density from 60 to 40 mA/cm2. 

The surface roughness of PS was reduced from 66 nm to 10 nm, as the current density 

was reduced from 30 to 10 mA/cm2 

The surface roughness of Si NWs reduced from 61.5 nm to 45.2 nm, as the current 

density was reduced from 60 to 40 mA/cm2. 

The average size of nanocrystals in the PS is obtained from Raman spectra and is 

found to be in the range of 122.7 - 24.8 nm. 

The average size of nanocrystals in the Si NWs from Photoluminescence found to 

reduce from 5.9 nm to 4.8 nm, when the current density is increased from 40 to 60 

mA/cm2. 

The specific capacity of the anode reduced from ~3452.47 mAhg-1 to 1134.34 mAhg-1 

with increased cycle number from 1st to 12th at a current rate of 1C.  

 

5.2 Future directions 

The study of structural, optical, adsorption and catalytic properties will be beneficial 

for the synthesis of new nanomaterials for industrial applications. Over all, the study 

will provide a better understanding of the effect of various physical parameters viz, 

concentration, temperature dopants, annealing on size, shape, surface area, bandgap 

and crystallite size on the performance of the nanomaterials.  

To improve the quality, growth and catalytic activity of nanostructures of transition 

metal oxides such as nickel oxide and copper oxide etc., for the sake of water 

treatment, there exists a possibility to study the effect of concentration of reagents and 

dopant, like the reduced graphene oxide and metal nanoparticles. 
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The present study is concentrated on MnO2, NiO and CuO based nanostructures for 

the adsorption, chemical catalysis, and photo catalysis. However, these metal oxide 

nanostructures can be explored for the photo electrochemical and gas sensing, solar 

cell applications. Addition of new impurities atoms (Al, Sn, C, Fe, etc.) into MnO2, 

NiO, and CuO may be studied to achieve improved properties. 

It is also worth to explore the synthesis of such transition metal oxide nanostructures 

using various techniques, such as spray paralysis, sol-gel, DC sputtering, RF 

sputtering, and microwave irradiation. Embedding these nanostructures in the matrix 

or template like silicon, alumina etc, to investigate their catalytic properties for the 

degradation of effluents in the presence of UV/visible light is also desirable.  

To extend the preparation and application of porous Silicon nanoparticles and Si 

nanowire arrays for battery applications, the Si-Graphene nanocomposite is another 

system of choice, because graphene can wrap the Si nanoparticles/nanowires and 

increase the conductivity resulting in enhanced capacity. 

Also Silicon-metal nanocomposite is of particular interest, because the metal 

nanoparticles (Copper/Tin/Silver) deposited on Silicon nanostructures (nanowires, 

nanoparticles) will act as cushion reducing the stress/strain in the Si and help reducing 

the cracks originating from volume change.  
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