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Preface 

 

This dissertation gives an account for a part of my research work on “Investigation of 

Graphene-based materials for their application in waste water treatment and energy 

storage” at the department of Physics, Jadavpur University, Kolkata-700032. 

During the period of my Ph.D work I learned several topics on nanoscience. On the 

experimental side , I got experienced in working with various chemical synthesis routes like 

co-precipitation , hydrothermal and different Physio chemical characterization techniques like 

PXRD, VSM, SQUID, FESEM, HR-TEM, FTIR, Raman, XPS, UV-vis absorption, PL 

spectroscopy etc. I also gained experience in three electrode electrochemical station along 

with interpreting the data for CV, GCD and EIS techniques. Moreover, I learned to interpret 

and explain the results of the   characterization technique such as XRD using data banks such 

as JCPDS and software like MAUD 2.70, image J, Origin and representing the data are also 

added experience. This thesis presents the study of structural, morphological, and the 

application in the field of waste water treatment of organic dye (MB) by graphene-based 

manganese ferrite and cobalt ferrite composite through photocatalysis and adsorption 

technique. Also energy storage application through the investigation of electrochemical 

properties of nitrogen doped graphene and graphene manganese ferrite have been presented. 

This dissertation work is presented systematically in the form of chapters for all the different 

studies done. 

Chapter-1 contains a brief overview about waste water treatment and energy storage 

applications along with graphene and its composite in respective fields. Chapter-2 includes 

comprehensive information of synthesis techniques, and methodology for the study of this 

present work. Chapter-3 reports the synthesis of Graphene Manganese Ferrite (MnFe2O4) 

composite in co-precipitation method for the Methylene blue dye degradation in Photocatalytic 

method. Chapter -4 presents the synthesis of Nitrogen doped Graphene (N-RGO) in single step 

solvothermal method in DMF for the application of energy storage as an electrode. Chapter-

5 deals with solvothermal synthesis and electrochemical properties of Graphene- Manganese 

Ferrite (MnFe2O4.). Chapter-6 presents the synthesis, structural and dye adsorption efficiency 

of Graphene Cobalt Ferrite (CoFe2O4.) towards MB. Chapter-7 deals with the concluding 

remarks and future prospects of the present work. Appendix-I reports the synthesis of 

Graphene Oxide (GO) supported α-Fe2O3 composite in co-precipitation method for the 

Methylene blue dye degradation in Photocatalytic method. Appendix-II contains the list of my 

scientific journal publications and conerences. Finally, Appendix-III includes the cover pages 

of the reprints of my scientific publications. 
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Synopsis 

 

One of the major environmental concerns in pollution control is the removal of hazardous 

materials from water resources. The pollution of water resources by industrial effluents 

containing toxic dyes like, Congo red, Methyl orange, Methyele Blue etc. have been a serious 

problem to the human health and environment. Most of the dyes are harmful due to the high 

toxicity and carcinogenicity from their non-biodegradable aromatic structure . Therefore, to 

control the pollution of water, elimination of these dyes from water is of utmost importance. 

Among several  methods to treat waste water photocatalysis and adsorption have  gained a 

huge interest in last few decades due to its low cost and simple execution. On the other side, to  

achieve ever-increasing desired energy due to the fast gradual decrement of fossil fuel, global 

warming and pollution, researchers are forced to explore sustainable energy and efficient 

energy storage devices. One of the different energy storage systems, supercapacitors are 

drawing huge attention because of their high power density, environmental friendliness, long 

operating life and product safety.  

Graphene-based spinel ferrite composite materials have recently been characterized in 

multiple investigations as an incredibly effective material for wastewater treatment due to their 

excellent catalytic and adsorptive capabilities. Among its many unique properties, two-

dimensional substance graphene possesses great thermal and chemical stability, a huge 

specific surface area, fast electron transport, and excellent conductivity. The addition of 

graphene improved the photocatalytic performance of spinel ferrite nanoparticles by reducing 

the recombination of photogenerated charge carriers. Moreover, the synergistic advantages 

like increased active surface area, less particle agglomeration, and simpler magnetic 

separation for reusability of composite materials can also be credited with improved 

photocatalytic efficiency as well as adsorption for dye degradation. In addition, Graphene, 

being a single-atom thick sheet with hexagonal honeycomb sp2 -hybridized carbon atom 

network has been extensively used as EDLC material as it possesses good conductivity and a 

large surface area. Also introducing pseudocapacitive spinel ferrites along with graphene has 

been effectively developed to achieve high-performance energy storage devices.  

The dissertation entitled ‘Investigation of Graphene-based materials for their 

application in wastewater treatment and energy storage’ gives an account for a part of my 

research work at the Department of Physics, Jadavpur University, Kolkata-700032.  



This thesis presents the study of Graphene-based spinel ferrite composite materials for 

photocatalytic and adsorptive dye degradation of  Methylene blue. Also, graphene along with 

nitrogen-doping has been explored as electrode material for energy storage applications. This 

dissertation work is presented systematically in the form of chapters for all the different studies 

done. 

Chapter-1  introduces the basic concepts and a brief overview of the relevant parts needed to 

understand the research work presented in this thesis. It highlights the importance of the 

studies and a general introduction to graphene and graphene-based materials for wastewater 

treatment and energy storage applications. A brief overview of the wastewater treatment and 

energy storage application as well as their theoretical interpretation have been presented. It 

also focuses on the properties and different synthesis procedures of graphene as well as it’s 

application. Moreover, the structures of spinel ferrites and their application in the field of 

photocatalysis and adsorption as well as application in the field of electrochemical energy 

storage are also discussed. Finally, the motivation and objective of the thesis are presented 

Chapter-2 represents the comprehensive information regarding instrumentations that are 

utilized for the study of this present work. To fulfill the research aim, experimental work was 

performed in the laboratory, followed by the characterization of the synthesized and spinel 

ferrite nanoparticles. A brief description of the various techniques for the determination of 

crystal structure, morphology, chemical composition, magnetic properties, optical properties, 

and other electrochemical properties is also presented. This includes instrumental techniques, 

their theories, operational procedures, and methods of analysis that are used for the study of 

the present thesis work. 

Chapter-3 deals with the investigation of photocatalytic degradation of methylene blue dye 

(MB)  using bare manganese ferrite (MnFe2O4) nanoparticles and MnFe2O4 nanoparticles-

decorated reduced graphene oxide heterostructures (MnFe2O4/rGO) under ultra-violet 

irradiation. The MnFe2O4 nanoparticles were prepared using a facile coprecipitation method 

showed single-phase cubic spinel structure and superparamagnetic property. The 

MnFe2O4/rGO heterostructures showed the formation of sphere-like MnFe2O4 nanoparticles 

well-attached on rGO nanosheets with reduced agglomeration. The photocatalysis study shows 

that MnFe2O4/rGO had higher photocatalytic activity compared to bare MnFe2O4 

nanoparticles. MB degraded by 84% in presence of MnFe2O4 after UV irradiation of 290 min, 

while 97% of it degraded in merely 60 min in case of MnFe2O4/rGO heterostructures. This is 



further confirmed by the well-fitted Langmuir-Hinshelwood Kinetics equation. Hydroxyl 

radicals play the crucial role in the MnFe2O4-graphene system for MB photodegradation. 

Thus, MnFe2O4 nanoparticles-decorated reduced graphene oxide heterostructures can act as 

potential photocatalyst for degradation of hazardous organic dyes present in water. 

Chapter-4 reports a single-step dymethyleformamide (DMF) assisted solvothermally 

synthesized nitrogen-doped reduced graphene oxide (N-rGO) as a novel electrode material.. 

The highest specific capacitance of N-rGO is found to be 516 Fg− 1 at a scan rate of 2 mVs− 1 

along with a good cyclic stability and stable coulombic efficiency. Such a remarkable 

capacitive performance is attributed to its porous structure and effective nitrogen doping which 

facilitates the migration of electrolyte ions and provides abundant active sites for such 

electrochemical behaviour. The electrochemical impedance spectroscopy study showed a 

typical capacitive behavior of the N-rGO and a faster frequency response with a relaxation 

time constant of 0.4 s. Thus, the synthesized N-rGO using this simple, cost-effective, 

environment friendly method could be a potential candidate for high performance energy-

storage applications. 

Chapter-5 A single-step solvothermal method has been employed to synthesize MnFe2O4 

composite nanoparticles where graphene sheets have been incorporated into spherical, ultra-

small MnFe2O4 nanoparticles of size ~57 nm. This method aided the MnFe2O4/reduced 

graphene oxide (rGO) composite nanoparticles with increased porosity, surface area and 

conductivity leading to improved electrochemical properties. FTIR, RAMAN and X-ray 

photoelectron spectroscopic studies confirmed the reduction of GO and a successful formation 

of MnFe2O4/rGO composite. When used as an electrochemical electrode, the MnFe2O4/rGO 

composite nanoparticles showed an enhanced specific capacitance of 253 Fg-1 compared to 

133 Fg-1 corresponding to the bare nanoparticles, at a current density of 10 Ag-1 within the 

potential range of -0.3 to 1.2V. Thus, the unification of 2D graphene structure and MnFe2O4 

nanoparticles led to enhanced electrochemical performance with excellent cyclic stability of 

96% (after 5000 cycles) and hence provides a good strategy for improving future 

supercapacitor electrode materials. 

 

 

Chapter- 6 contains, the synthesis of spinel cobalt ferrite with graphene adsorbents (CF-rGO) 

by solvothermal method. By using X-ray diffraction, scanning electron microscopy (SEM), 

FTIR, XPS, and VSM, the properties of the produced samples were investigated. The high 
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CHAPTER 1 

 

INTRODUCTION 

 

This chapter introduces the basic concepts and a brief overview of the relevant parts needed to 

understand the research work presented in this thesis. It highlights the importance of the studies 

and a general introduction to graphene and graphene-based materials for wastewater treatment 

and energy storage applications. A brief overview of the wastewater treatment and energy storage 

application as well as their theoretical interpretations have been presented. It also focuses on the 

properties and different synthesis procedures of graphene as well as its various applications. 

Moreover, the structures of spinel ferrites and their applications in the field of photocatalysis and 

adsorption as well as application in the field of electrochemical energy storage are also discussed. 

Finally, the motivation and objectives of the thesis are presented. 
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1.1. Overview 

Technological advancements are crucial for meeting human needs across numerous areas. 

However, industrial growth releases hazardous chemicals into the environment, contaminating it. 

Water contamination is a global environmental hazard, with dangerous pollutant concentrations 

exceeding WHO and EPA guidelines. Discharging hazardous dyes through industrial effluents into 

water is one of the main environmental concerns across the world. Photocatalytic degradation and 

adsorption have been regarded as very promising two methods among several dye contamination 

water treatment techniques. On the other hand, due to the increasing demand for energy in 

industrialized countries as well as the fast-growing need in emerging economies, energy scarcity 

and the use of fossil fuels have also emerged as significant and pressing worldwide issues. Given 

the concerns, it is imperative to create energy storing systems that are high-performing, affordable, 

and environmentally friendly. In this situation, supercapacitors are a type of energy storage 

technology that has been gaining a lot of interest in recent years due to their high-power density, 

long operational life, environmental friendliness, and product safety. 

 Due to their superior catalytic and adsorptive properties, graphene-based spinel ferrite composite 

materials have recently been described in numerous investigations as an extremely effective 

material for wastewater treatment. Two-dimensional substance graphene has exceptional 

conductivity, a large specific surface area, rapid electron transport, and strong thermal and chemical 

stability, along with other special qualities. Spinel ferrite nanomaterials became better 

photocatalysts when graphene is added because it lessens the recombination of photogenerated 

charge carriers. Moreover, the synergistic advantages like increased active surface area, less particle 

agglomeration, and simpler magnetic separation for reusability of composite materials can also be 

credited with improved photocatalytic efficiency as well as adsorption for dye degradation. In 

addition, Graphene, being a single-atom thick sheet with hexagonal honeycomb sp2 -hybridized 

carbon atom network has been extensively used as EDLC material as it possesses good conductivity 

and a large surface area. Also introducing pseudocapacitive spinel ferrites along with graphene has 

been effectively developed to achieve high-performance energy storage devices. The hybrid 

materials can enhance the electrochemical performance due to the synergistic effect with graphene 

which provides not only a conductive backbone to promote the transportation of electrons but also 
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a mechanical strength which offers the integrity of the electrode through the electrochemical 

processes. 

1.1.1. Wastewater Treatment 

In our Earth, the ‘Water’ is very commonly available and easily accessible natural resource amongst 

many resources. Water plays a very important role in nourishing the Earth's ecology as none of 

living species can survive without it. On the other hand, there are several problems associated with 

Water pollution across our globe. From various data collections by Scientists/Authorities and other 

statistics,  a millions of people die without seeing sunrise the next day including 3900 children from 

various human diseases that are caused by forcefully drinking polluted water and near about 1.2 

billion people are positively looking for drinking water security [1, 2]. Hence on one part, 

continuously increasing of demand for water and a growing population on other part, no control in 

properly usage of water, rapid climate change, uneven distribution of expected rainfall, water 

pollution became primary reason behind the water scarcity. In modern days,  polluted and 

contamination water are considered as most of the substantial threats that demand an immediate 

and effective solution [3]. The water body’s Pollutant Contamination due to industrial effluents 

affects the balance of eco-friendly environment. Organic dyes are identified amongst major 

pollutants discharged into the environment by various industries like leather, textile, food and 

printing[4]. The ingredient color contains in textile dyes are not only increasing aesthetic damage 

to the water bodies [5, 6] but also building a layer from penetration of light into water that minimize 

the rate of photosynthesis process [7], as well as dissolved oxygen levels that affecting the overall 

aquatic biota. However, textile dyes may also act as toxic substances, mutagenic agents, and 

carcinogens[8] [9]. They can also persist as biological pollutants and cross entire food chains, 

causing biomagnification, which causes higher trophic levels of organisms to exhibit higher 

contamination levels than their prey. Hence, it’s very essential to introduce treatment strategies and 

defined goals aiming to ensure the sustainability of the fresh water for upcoming generations. To 

deal with contaminated water, a number of techniques have been discovered and created, including 

sedimentation, coagulation, flocculation, membrane filtration, distillation, ion exchange, 

crystallization, ultrafiltration, reverse osmosis, electrodialysis, and electrolysis (Fig. 1.1). The 

majority of these techniques, however, are unable to totally  
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breakdown the contaminants in wastewater or produce secondary polluting chemicals that are 

indistinguishable from primary pollutants [10]. 

Introduction to Methylene Blue (MB) 

The molecular weight of MB, an aromatic heterocyclic basic dye, is 319.85 g mol−1. MB is a well-

known primary thiazine dye that is cationic and has a chemical formula of C16H18N3CIS (Fig. 1.2). 

Its maximum absorption occurs at ~ 663 nm (λmax). Due to its high-water solubility, it can be 

dissolved in water to create a stable solution at room temperature. MB is a positively charged 

molecule that belongs to the polymethine dye class and has an amino autochrome unit. MB dyes 

are often released in considerable quantities by the textile industry into natural water sources, 

endangering the health of both humans and microorganisms. Because of its significant toxicity, MB 

dye is hazardous to human health above a specific concentration. Because MB is toxic, 

carcinogenic, and non-biodegradable, it poses a major risk to public health and has a negative 

Fig. 1.1. Processing in textile industry, wastewater generation, its toxicity and various 

treatment approaches [11]. 
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impact on the ecosystem. Human health is at danger from MB for a number of conditions, including 

respiratory discomfort, stomach problems, eyesight, mental and digestive diseases. Along with 

premature cell death in tissues and skin/eye irritations, it also causes nausea, vomiting, diarrhea, 

cyanosis, shock, gastritis, jaundice, methemoglobinemia, tissue necrosis, and elevated heart rate. 

 

 

 

 

 

 

 

 

 

 

Fig. 1.2 The model and the structure of MB dye molecule [12] 

 

1.1.1.1. Photocatalysis 

One of the main global concerns is how to dispose of dye-contaminated wastewater, and numerous 

methods, including biological and physicochemical methods, are employed to do so. Alternative 

treatment methods for dye-contaminated wastewater include advanced oxidation processes (AOP), 

which are thought to be cutting-edge and promising.  

AOP are typically able to take advantage of the hydroxyl radical's high level of reactivity in 

oxidation processes, which set off a series of reactions that transform aqueous pollutants into 

harmless byproducts [13, 14]. Among various AOP, photocatalysis is extensively researched for 
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the treatment of wastewater. Accordingly, over 16,000 scientific articles containing 

"photocatalysis" or "photocatalyst" have been published over the past 10 years (Scopus), and the 

number of publications is growing yearly.  

In general, a semiconductor's photocatalytic activities are highly influenced by its unique electronic 

structures, which consist of a filled valence band (VB) and an empty conduction band (CB). It is 

well known that heterogeneous photocatalysis can occur only when the relevant thermodynamic 

parameters are met, such as the appropriate wavelength of incident light and matched levels of 

conduction/valance bands with the redox potentials. More specifically, with adequate light 

irradiation with incident photon energies equal to or greater than that of the semiconductor's band 

gap, Eg, the electrons in a particular semiconductor can be photochemically excited to their CB, 

leaving a positive hole in the VB. In other words, incoming light having a wavelength lower than 

1246/Eg eV can only be used by a semiconductor with a band gap of Eg. These photoinduced 

positive holes and electrons undergo a number of reactions before forming hydroxyl radicals. These 

species can break down a wide range of compounds, including synthetic dyes, due to their strong 

oxidizing ability [15, 16]. The frequent occurrence of electron-hole recombination, however, may 

prevent oxidation and reduction events from occurring on the surface of photocatalytic material. 

Accordingly, an enhanced or suppressed electron-hole recombination is frequently linked to an 

increase or decrease in reaction rate [17]. Mechanism of the Photocatalysis method has been 

represented in Fig. 1.3.  

The following are a few advantages that photocatalysis have over other waste water treatment 

methods. 

1. Since the ultimate products of the Photocatalysis are H2O, CO2, and tiny inorganic ions, they do 

not produce secondary pollutants. 

2. Because the photocatalysis process is non-selective, it can be employed to treat a variety of 

contaminants, including pathogens, organic and inorganic compounds. 

3. Also in this method total deterioration of the pollutant can occur and possibly in the less 

expensive method. 
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Fig. 1.3 Schematic diagram of the basic mechanism of photocatalysis [18] 

1.1.1.2. Adsorption 

Adsorption is a highly efficient modern wastewater treatment technique utilized by various sectors 

to reduce the presence of dangerous inorganic and organic pollutants in wastewater [19]. 

Adsorption is the process by which a material accumulates at the interface between two phases, 

either gas-solid or liquid-solid. Adsorbate is the material that accumulates at the interface, whereas 

adsorbent is the solid on which adsorption occurs.  

The two primary forms of adsorption are chemical sorption and physical sorption. Chemical 

adsorption, also known as chemisorption, is usually irreversible because the exchange of electrons 

forms strong chemical bonds between molecules or ions of the adsorbate and the surface of the 

adsorbent. Physical adsorption, also referred to as physisorption, is usually reversible because it 

results from weak van der Waals intraparticle interactions between the adsorbent and the adsorbate. 

Most adsorption processes, including those involving agricultural byproducts, are controlled by 

physical forces, with the exception of chemisorption (Fig. 1.4). 

The main physical forces affecting adsorption are hydrogen bonding, van der Waals forces, polarity, 

and the dipole-dipole π- π interaction. In case the sorbent is inexpensive and does not require an 
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additional pretreatment phase prior to application, this method presents a strong substitute for 

cleaning up contaminated waters. Adsorption methods are widely used in environmental 

remediation to eliminate specific chemical pollutants from streams, particularly those that are 

mostly unaffected by conventional biological wastewater treatment methods. Adsorption, in the 

field of waste, water treatment has been found to perform better than alternative methods in terms 

of ease of operation, sensitivity to hazardous pollutants, startup cost, and design flexibility. 

Adsorption produces no new dangerous compounds. 

 

 

 

 

 

 

 

 

Factors affecting adsorption of dye 

There are numerous parameters that influence dye adsorption, including pH, temperature, and initial 

dye concentration. Therefore, the consequences of these characteristics must be taken into account. 

The optimization of such settings will substantially aid in the creation of an industrial-scale dye 

removal treatment procedure. The next section discusses some of the elements that affect dye 

adsorption. 

(a) Effect of amount of adsorbent dosage 

It is an important process parameter for determining an adsorbent's capacity for a given amount of 

adsorbent under given operating conditions. In general, the proportion of dye removal increases 

with increasing adsorbent dosage, as does the number of sorption sites on the adsorbent's surface. 

Fig. 1.4. Diagrammatic representation of types of adsorption mechanisms. 



  Chapter 1 

Ph.D Thesis: Bidisha Mandal, Jadavpur University, Feb. 2024 9 

 

The effect of adsorbent dose provides insight into a dye's ability to be adsorbed with the shortest 

amount of adsorbent, allowing us to recognize a dye's economic potential [20]. 

(b) Effect of initial dye concentration 

The amount of dye removed through adsorption is strongly dependent on the initial dye 

concentration. The effect of initial dye concentration is determined by the direct relationship 

between the dye concentration and accessible sites on an adsorbent surface. In general, when the 

initial dye concentration increases, the proportion of dye removed decreases, which could be due 

to saturation of adsorption sites on the adsorbent surface. On the other hand, increasing the initial 

dye concentration increases the capacity of the adsorbent, which could be related to the high driving 

force for mass transfer at a high initial dye concentration [21].  

Zhang et al. investigated the adsorption of Methyl Orange by the Chitosan/Alumina interface and 

discovered that when the methyl orange concentration grew from 20 to 400 mg.l-1, the percentage 

of dye removal fell from 99.53% to 83.55% while maintaining the same MB concentration [22]. 

Yagub et al.  investigated the effect of initial dye concentration on methylene blue (MB) adsorption 

by pine leaves [23]. They discovered that as the initial dye concentration increased from 10 to 90 

mg.l -1, the percentage of dye removal decreased from 96.5 to 40.9% after 240 minutes. 

(c) Effect of temperature 

Another important  parameter is temperature, which affects the adsorbent's adsorption ability [24]. 

If the amount of adsorption increases as the temperature rises, the process is endothermic. This 

could be owing to the dye molecules' increased mobility and the number of active adsorption sites 

as temperature rises. Adsorption capacity decreases with increasing temperature, indicating that the 

process is exothermic. This could be due to increasing temperature, which reduces the adsorptive 

forces between the dye species and the active sites on the adsorbent surface, hence decreasing the 

quantity of adsorption [20]. 

(d) Effect of solution pH 

One of the most critical parameters influencing adsorbent capacity in wastewater treatment is 

solution pH. Adsorption efficiency is affected by solution pH, as variations in pH affect the degree 

of ionization of the adsorptive molecule as well as the surface characteristics of the adsorbent [25]. 
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Chowdhury et al. investigated the influence of solution pH on the adsorption of Basic Green 4 dye 

by Ananas comosus leaf powder and discovered that at pH 10, the dye removal ratio was at its 

highest [26]. Dawood and Sen investigated the influence of solution pH on Congo red adsorption 

by pine cones and discovered that adsorption was most efficient at pH 3.5 [27].  

1.1.2. Energy storage application 

Due to the ongoing rise in global energy consumption and the development of advanced economies 

in developed countries,  the over use of fossil fuels and energy shortages have evolved into 

extremely serious issues [28-30]. The development of high-performance, low-cost, and 

environmentally friendly energy systems is necessary to address the identified warnings. In these 

regions, emerging technologies for producing electrical energies and corresponding storages are 

key factors in meeting the rising demand in the energy and economic fields [31-33].  Electrical 

energies play a significant role in everyday life. They can be used for a variety of things, and are 

easily turned into the necessary light, heat, or mechanical energy. But the biggest problem with 

electrical energies is that they can hardly be stored [34, 35].  

Therefore, the emphasis is on effectively storing energy for effective consumption or utilization. 

Indeed, the production of renewable energy from the most abundant resources-the sun and wind-is 

currently growing quickly. However, due to the unpredictable nature of solar and wind energy, 

there is a significant need for such energy devices that are safe to run, cost-effective, have little 

impact on the environment, and can also store the energy when there is an excess and release it 

when there is a high demand. As a result, energy storage technologies like batteries, fuel cells, and 

supercapacitors are becoming increasingly important in our daily lives. Due to its high conversion 

efficiency and ability to be recycled for a large number of cycles, electrochemical energy 

conversion has received a lot of interest [36]. An electrical charge works as a clean, efficient and 

versatile oxidizing or reducing agent for several electrochemical reactions [37]. Due to their high 

energy density, batteries and fuel cells are typically utilized for energy storage in industrial and 

consumer electronic equipment. Large amounts of electricity can be stored in batteries, but charging 

them takes a long time. Energy density is low in fuel cells. Capacitors, on the other hand, charge 

instantly but can only hold a minimal quantity of power. 
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Therefore, it is required to store and release enormous amounts of electricity extremely quickly, 

depending on the demand. Electrochemical capacitors, for example, are useful energy storage 

technologies because of their high-power density, long cycle life, low cost, and small size. 

Electrochemical capacitors, commonly referred to as supercapacitors, have an extremely high 

capacitance density. 

1.1.2.1. Basics of Supercapacitors 

Conventional commercial capacitors which come in a wide variety of types, forms, and shapes, and 

have varied capacities, include two conducting plates that are kept near to one another and separated 

by an insulating spacer. By adding such an insulating sheet, the permittivity of empty space is 

improved and the capacity for charge storage is increased. 

An electrostatic field is created when a potential is supplied across its two terminals, causing the 

positive and negative charges to flow in the direction of the plates with the opposite polarity. It is 

now claimed that the capacitor is charged. This charged capacitor uses the electrostatic energy 

contained in the electric field to drive a load when linked through an external circuit. When there 

is no more charge in the capacitor after this action, it is considered to have been discharged. The 

relationship between electric charge and the potential difference between the terminals determines 

a capacitor's capacitance, which is a measurement of how much charge can be held on a certain 

device. Farad (F), its SI unit, is provided by the following equation (1.1) 

Farad = 
Coulomb

Volt 
                              (1.1) 

The equation C = ε0εr 
𝐴

𝐷
,  is the formula for conventional capacitors, where C is capacitance, or the 

capacity of the capacitor to store charges, ε0 is the dielectric constant of free space, and εr is the 

dielectric constant of the insulating material between the electrodes. As a result, capacitance C is 

inversely proportional to the distance D between the electrodes and directly related to the electrodes' 

surface area A. The supercapacitor achieves its high capacitance and energy storage by having an 

electrode with high surface area and a distance D between the electrodes that is much narrower. 

Supercapacitors function similarly to traditional capacitors. However, the additional charge can be 

held by the numerous pores inside the electrodes' high surface area, and the charge separation occurs 

across a relatively short distance, i.e. between the electrolyte and an electrode, which allows the 
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supercapacitors to store more charge. The basic components of a supercapacitor are two electrodes 

with high surface areas, an electrolyte made of a mixture of positive and negative ions dissolved in 

water, and a separator. 

1.1.2.2. Types of electrochemical supercapacitors 

Supercapacitors can be mainly classified into two types: electrochemical double-layer capacitors 

and pseudocapacitors, which will be covered in more detail later. The former primarily stores 

energy as an electric double layer and uses porous carbon material as the electrode. The conductive 

polymer and metal oxide are preferred by the pesudocapacitor. The highly reversible oxidation-

reduction reaction occurring in two dimensions on the surface of the active material is the basis for 

energy storage. However, because of the increased surface-to-volume ratio, redox-active materials 

in nano size can store charges both electrostatically and faradically. In this instance, these 

supercapacitors are known as hybrid capacitors and have a very high-capacity value due to the 

involvement of both mechanisms.  

EDLC 

Similar to a parallel plate capacitor in terms of its basic charge storage methods, EDLCs use active 

materials (such as porous carbons) to replace the conducting plates and the dielectric substance is 

replaced by a polymeric separator submerged in electrolyte. In the theory of EDLC, the capacitance 

is created by the generation of electrostatic charge at the interface of the electrode and electrolyte, 

which is a non-faradaic approach for charge storage [38]. With the application of external voltage, 

at the electrode and electrolyte interface, impulsively two opposed charges are created when the 

electrode is dipped in the electrolyte and then attracted to the oppositely charged electrode surface 

leading to the charging process (Fig. 1.5a). Eventually two opposite charge layers formed: one with 

one polarity (positive/negative) on the electrode surface and the other with the opposite polarity in 

the electrolyte solution and they are represented as double layer (Fig. 1.5b). However, when the 

external voltage is removed, the discharge process starts until all ions drift back to the equilibrium 

position (Fig. 1.5c).   

Von Helmholtz introduced the idea of an electrochemical double layer (EDL) and modelled it for 

the first time in 1853. According to this model, two layers of opposing charges form at the electrode-

electrolyte interface and are separated by an atomic distance d. This model implies that the electric 
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potential has a maximum value of ψ0 on the surface and progressively decreases to zero in the 

electrolyte solution. This potential change from a maximum to zero is found on the  

 

 

 

 

 

 

 

 

 

atomic dimension d. This variation is depicted in Fig. 1.6a. Helmholtz therefore proposed that 

electrostatic attraction is the reason why layers with opposing charges become immobile on the 

surface. 

Later, a diffuse model of the electrolyte (EDL) was proposed by Gouy in 1910 and Chapman in 

1913. This model considered that ions in the electrolyte (both cations and anions) are mobile as 

they are continuously in thermal motion which results in the production of a relatively thick diffuse 

layer (Fig. 1.6b). Over the diffuse layer and into the bulk of the electrolyte, the potential drops 

exponentially. However, the double layer capacitance value is overestimated by this approach. As 

a result, neither of these two models adequately describes the double layer that forms.  

Stern integrated the two models. In Stern's model, the dispersion of ionic charges was thought to 

occur in two layers. As seen in Fig. 1.6c, the layer closest to the surface is referred to as the Stern 

layer, while the other layer is referred to as the diffuse layer. The Helmholtz model's postulated 

formation layer is similar to the Stern layer. As a result, the electrode has a great affinity for the 

ions in this layer, making them stationary. Two imaginary planes that are used to differentiate 

Fig. 1.5. Schematics showing the (a) charge process in EDL formation under an external voltage. (b) 

formation of EDL capacitors at the electrode/electrolyte interfaces, and (c) discharge process of EDL 

capacitors. Adapted from [39] 
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between the two types of adsorbed ions are the outer Helmholtz plane (OHP) and the inner 

Helmholtz plane (IHP). The diffuse layer or outer layer closely resembles the one suggested by the 

Gouy-Chapman model. With the Stern model, the capacitances originating from the outer diffusion 

layer (Cdiff) and the Stern layer (CH) can be used to estimate the total double layer capacitance (Cdl) 

using equation (1.2) [40]: 

 
1

Cdl
=

1

CH
 + 

1

 Cdiff
       (1.2) 

 

 

 

 

 

 

 

 

 

 

High surface area carbon-oriented materials are the main component of the electrodes utilized in 

EDLC [42]. Specific measures of surface areas, pore shape and structure, pore size distribution, 

surface functionality, and electrical conductivity are catalyst characteristics that affect the 

electrochemical performances [43, 44]. Greater surface area in carbon-based materials leads to a 

greater capacity for charge accumulation at the electrode-electrolyte interface. Aside from pore 

size, which includes a high specific surface area, surface functionalization must be taken into 

account while attempting to improve specific capacitance for carbon materials. Examples of 

different carbon compounds that are utilized as electrode materials include graphene, carbon 

Fig. 1.6 Schematics of double layer formation at a charged surface. (a) Helmholtz model 

(b) Gouy-Chapman and (c) Stern model [41] 
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nanotubes, activated carbon, and carbon aerogels. Ion exchanges do not take place between the 

electrolyte and electrode [38]. To summarize, the way EDLCs store charges is by creating an 

electric double layer at the interface between the electrolyte and the high surface area carbon 

electrode. Because of the huge surface area electrode, its storage capacity can be much higher (from 

a few farads to thousands of farads) than that of a normal capacitor (from few μF to few mF). 

Pseudocapacitors 

 The charge storage mechanism of the pseudocapacitor electrode is not the same as that of the 

EDLC. When an external potential is applied to the electrode, the active materials go through a fast 

and reversible redox reaction that is also referred to as a faradic reaction. Charges move through 

the electrolyte and over the double layer during this process. This kind of redox reaction also serves 

the purpose of storing energy in batteries. However, this redox reaction occurs quickly in a 

pseudocapacitor, which gives it a better power density than batteries [45].  

Many transition metal oxides, including RuO2, MnO2, V2O5, and others, as well as a number of 

conducting polymers, including PANI, PEDOT: PSS, polypyrrole, etc., are now being investigated 

for usage as electrode materials. The redox reaction of these electrode materials can be completed 

rapidly if the right electrolytes are used. The storage method of the pseudocapacitor is slow due to 

the chemical reaction involved. As a result, the pseudocapacitor usually shows poorer power 

density in comparison to the EDLC. The phenomenon of pseudocapacitive charge storage can be 

caused by a number of different faradaic mechanisms. The type of active substance is the main 

factor influencing this. These mechanisms are [46]: 

a) Underpotential Deposition:  

Adsorption pseudocapacitance, also known as underpotential deposition, occurs when metal 

ions from the electrolyte solution build a monolayer on the current collector through adsorptive 

processes[47]. This happens when a potential for the metal's reduction is less negative than the 

equilibrium or Nernst potential. One example of such deposition is the deposit of lead on the 

surface of gold, as demonstrated by the reversible chemical reaction. 

2e+xPb2+  +  Au ↔ Au.xPb 

 

Fig. 1.7a shows such a mechanism of charge storing. 
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b) Redox Pseudocapacitance:  

Redox pseudocapacitance is the result of quick and reversible faradic charge transfer that 

adsorbs ions from the electrolyte surface close to the surface of the active material. Such a 

pseudocapacitance is demonstrated by Hydrous RuO2. Protons from the electrolyte are taken 

up by the RuO2 during charging and released again during discharge. Protons from the 

electrolyte solution only interact with the active material's surface (within 10 nm of its surface), 

and the active material does not undergo a phase shift during this faradic process. [48]. Fig. 

1.7b shows the redox pseudocapacitance mechanism.  

 

c) Intercalation Pseudocapacitance:  

When ions from the electrolyte solution enter the active material deeply and carry out reversible 

redox processes, pseudocapacitive charge storage via intercalation of ions in the bulk of the 

material takes place. Only in cases when the active material has a structure resembling a tunnel 

or layer is intercalation pseudocapacitance achievable. Because of this, only a small number of 

materials, such as t-Nb2O5, -MnO2, etc., exhibit this kind of charge storage [49]. Fig.1.7c 

shows the charge storage mechanism due to intercalation pseudocapacitance. 

Fig. 1.7. Schematics showing different mechanisms of pseudocapacitive charge 

storage: (a) Underpotential deposition (b) Redox pseudocapacitance (c) 

Intercalation pseudocapacitance [50]. 
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Hybrid Supercapacitors: 

Hybrid supercapacitor electrode materials store charges using both physical and pseudocapacitive 

charge storage techniques. For these kinds of materials, energy density and power density increase 

significantly as a result of the contributions from these two methods. This class of hybrid electrode 

material consists of composites made of several carbonaceous and redox-active components. The 

redox-active material stores charges by reversible faradic interactions with the electrolyte, 

whereas the carbon-based components in these composites store charges through double layer 

formation. By giving the redox-active material a backbone, carbon-based components also stabilize 

it against the significant volumetric strain experienced during the redox reaction. In addition, 

materials containing carbon give electrons a high path, which raises the sample's conductivity. 

Typically, the carbon-based material increases the composite's power density while the redox-

active material increases the composite's energy density. Composites of NiO-CNT, MnO2-

Graphene, PANI-CNT, and so forth are instances of hybrid materials for supercapacitor electrodes. 

1.2. Literature Review 

The preceding section focused on the significance of developing electrode materials possessing 

favorable electrochemical characteristics for the purpose of energy storage devices and as effective 

materials for the elimination of dyes via photocatalysis and adsorption. Materials should have both 

a high surface area and good electronic conductivity in order to attain desirable electrochemical 

properties, such as high specific capacity and steady cycling life. As a layer of only one carbon 

atom, graphene has a potential surface area of up to 2600 m2g-1. Because of the electron adsorption 

and desorption on the graphene surface, it has the ability to achieve high specific capacity and 

steady cycle performance. 

The fast and reversible Faradaic reactions take place in metal and metal oxides like spinel ferrite 

can contribute to a higher specific capacity. As a significant member of the spinel ferrite family, 

MnFe2O4 nanoparticles have drawn much attention in the field of photocatalytic dye removal and 

supercapacitors owing to their low cost, high electrochemical activity, environment friendliness 

and abundant resources. In addition, due to their outstanding qualities, including high saturation 

magnetization; and shape- and size-dependent magnetic behavior, cobalt ferrite (CoFe2O4) 
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nanocrystals with spinel structure have received a lot of attention for environmental remediation 

like adsorption.  

In this section, the structure and properties of graphene and spinel ferrite were reviewed. The 

electrochemical and dye removal efficiency of graphene and graphene-based spinel ferrite 

composite compound were summarized.  

1.2.1. Review of graphene  

Graphene was introduced as the first laboratory made 2-D material. Owing to it’s unique 

physical and chemical properties-like mechanical strength and elasticity, and exceptionally  high 

electrical and thermal conductivity, graphene is described to be a smart alternative to various  

traditional materials in many applications [51]. Commonly, graphene is a single 2D layer of carbon 

atoms, with an average thickness of 0.34 nm. It is sp2 hybridized, where carbon atoms are covalently 

bonded to three other atoms in a hexagonal lattice structure[52]. Recently, graphene has been 

extensively investigated, both in terms of fundamental research and R&D applications. Graphene 

was isolated for the first time by K. Novoselov et al. [53]what was worth to them the 2010 Nobel 

Prize in Physics for their groundbreaking work. Their unprecedented structural and 

physicochemical properties (especially its mechanical and electrical behaviors) in addition to its 

carrier mobility-the highest know to date, at room temperature, makes the research on graphene one 

of the most important topics in all materials science fields [54] . Graphene, on the other hand, 

provides the fundamental form for nearly all other carbonaceous materials, such as graphite, which 

is essentially several layers of graphene, fullerene and single- and multi-walled carbon nanotube 

[55].  

1.2.1.1. Properties of Graphene: 

Structural properties of Graphene: 

Graphene is a two-dimensional carbon allotrope [51]. It is made of carbon atoms arranged in a 

hexagonal honeycomb arrangement [51]. Carbon happens to be the sixth element in the periodic 

table, which has the ground-state electronic structure 1s2 2s2 2Px
1 2Py

1 2Pz
0, as seen in Fig. 1.8b. 

Though it is equal to the energy levels of 2px and 2py, the energy level of 2pz is maintained 

electron-free for convenience's sake. As seen in Fig. 1.8a, a carbon atom's nucleus is surrounded 
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by six electrons, four of which are valence electrons. There are three types of hybridization that 

these electrons in a carbon's valence shell can form: sp, sp2 and sp3. The construction of sp2 hybrids 

is seen in Fig. 1.8c. 

 When carbon atoms share sp2 electrons with three adjacent carbon atoms, they form a honeycomb 

network with a planar structure, also known as monolayer graphene. Fig. 1.8d shows the unit cell 

of a graphene crystal, represented by a purple parallelogram. The unit-cell vectors a1 and a2 share 

the identical lattice constant of 2.46 Å. The planar ring's stability is achieved through electron 

resonance and delocalization. 

 

 

 

 

 

 

 

 

 

 

Electrical properties of Graphene 

Because it is a zero gap semi-conductor and has conduction and valance bands which touch at the 

Dirac points, graphene has incredibly high electrical conductivity [57]. A typical carbon atom has 

six total electrons, two of which are in the inner shell and four of which are in the outermost shell, 

which can be used to form chemical bonds. However, in the case of graphene, each carbon atom 

is connected to three additional atoms as a result of sp2-hybridization. And the fourth is now freely 

accessible in the third dimension. The electronic mobility of graphene is quite high, even at 

Fig. 1.8. (a) Atomic structure of a carbon atom. (b) Energy levels of outer electrons in carbon 

atoms. (c) The formation of sp2 hybrids. (d) The crystal lattice of graphene, where A and B 

are carbon atoms belonging to different sub-lattices, a1 and a2 are unit-cell vectors. (e) Sigma 

bond and pi bond formed by sp2 hybridization.[56] 
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ambient temperature. Its electron mobility has been demonstrated to be practically temperature 

independent [58]. 

Mechanical properties of Graphene: 

The inherent strength of graphene is another one of its exceptional qualities. Due to the strength 

of its carbon bonds, graphene is the strongest substance yet known. With a tensile strength of 13 

×1010 Pascals (or 130 giga Pascals), as compared to 4 ×108 for steel, graphene is 200 times stronger 

than steel. Not only is graphene incredibly strong, but it is also the lightest material—lighter even 

than paper. It weighs 0.77 mg per square metre; to put this into perspective, one square metre of 

paper weighs almost 1000 times as much. Graphene exhibits elastic properties as well; after being 

stretched, it may return to its original size. 

It is frequently said that a single sheet of graphene would be large enough to cover an entire 

football pitch and weigh less than one gramme. AFM investigations were performed in 2007 on 

graphene sheets that were placed outside of silicone dioxide cavities. These studies revealed that 

graphene sheets differ from three-dimensional graphite in that they had spring constants in the 

range of 1-5 N/m and a Young's modulus of 0.5 TPa. According to Changgu Lee, Graphene is the 

strongest material ever tested, with a tensile strength of 130 GPa and a Young’s Modulus (defines 

stiffness) of 1 TPa [59]. According to a Nobel announcement which illustrates that 1 m2 of 

Graphene hammock would support a 4 kg cat, but would weigh only as much as one of the cat’s 

whiskers [57]. 

1.2.1.2. Methods of synthesis of Graphene 

Following its discovery by micromechanical exfoliation of graphite, graphene has become a 

prospective material in a number of study fields. Though it is crucial to develop a large-scale 

synthesis process of good grade graphene to have a significant impact on research and development. 

Liquid exfoliation and ultrahigh vacuum procedures are now popular ways to produce graphene. 

Mechanical exfoliation of Graphene: 

In the development of graphene, the mechanical or micromechanical exfoliation process has been 

a major turning point. Due to its ability to produce high-quality graphene films with a size range 

of 5 to 10 m, it is still the primary synthesis method for producing high-quality graphene for 
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research [60]. However, the uneven thickness of the films produced by this method and the high 

production costs brought on by the low yield restrict its use in the field of research for mass 

production. These procedures are a perfect illustration of the top-down strategy, in which a 

precursor material for graphene (such as graphite, GO, etc.) is disassembled layer by layer to 

create graphene sheets. Geim and Novoselov, two Nobel Prize winners, were part of the 

Manchester University team that developed graphene through the micromechanical alleviation of 

graphite. The graphite crystals were continually divided into thinner pieces using "the scotch tape" 

or peel-off method. After dissolving the optically transparent flakes-containing tape in acetone, 

the flakes-which included both multilayer and monolayer graphene-were subsequently settled on 

a silicon wafer for microscopic examination. Researchers eventually updated this method to get 

around the phase in which graphene floated in a liquid. These advancements eventually produced 

naked-eye observable graphene flakes larger than 1 mm in size [61].  

The current research surge was sparked by the ability to isolate graphene. Free-standing atomic 

planes were formerly believed to be nonexistent [62]. The general consensus among scientists was 

that such structures would be unstable at nanoscales and would be predicted to scroll and buckle 

[63, 64]. Some researchers also think that the stability of 2D crystals may be influenced by 

intrinsic microscopic roughening on the order of 1 nm. [65]. Similar experimental techniques were 

used by Novoselov et al. to generate free-standing atomic planes of boron nitride, mica, 

dichalcogenides, and complicated oxides, but none of them have so far been as well-received [66]. 

Chemical Vapor Deposition: 

Chemical vapor deposition is a technique used to produce high-quality graphene by decomposing 

hydrocarbon gases (such as methane (CH4), acetylene (C2H2), ethylene (C2H4), and hexane 

(C6H14) in order to grow graphene sheets on metallic catalysts (such as Cu and Ni films) at higher 

temperatures (650-1000 °C) [67, 68]. After contacting the hot surface of metal catalyst, the carbon 

precursor degrades into free carbon and hydrogen atoms. The carbon atom then scattered through 

the surface and the bulk of metal catalyst, and eventually constructs graphene sheet on the metal 

surface after achieving the carbon solubility limit [69, 70]. In order to enhance CVD procedures, 

graphene was synthesized on a variety of substrates, including glass, silicon, quartz, silicon oxide, 

sapphire, and boron nitride. Paper by Chen et al. describes the mechanisms in depth [71].  
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High-quality graphene with minor imperfections, interconnected structure, and a huge surface 

area may be produced via CVD [68]. Its drawbacks include high production costs, low throughput, 

additional purification to get rid of catalyst residue, and the transfer of graphene to different 

substrates [72]. Schematic diagram of CVD process has been represented in Fig. 1.9. 

 

 

 

 

 

 

 

Graphene Oxide (GO) and Reduced Graphene Oxide (rGO) 

Although graphene can be directly extracted from graphite by mechanical cleavage or solution-

assisted exfoliation, the graphite oxide route yields a functional form of graphene that is desirable 

for applications like adsorption. Through the use of acids and oxidants in the solution 

oxidation/intercalation of graphite, GO is generated through the exfoliation of graphite powder. 

Brodie's 1958 report is the first on the production of graphite oxide using nitric acid and potassium 

chlorate. At the moment, the Hummer's approach [74], the modified Hummer's method [75], and 

Tour's method [76] are the most often utilized techniques for producing graphite powder.  

The layered structure of graphite is preserved in graphene oxide (GO), while the inclusion of polar 

oxygen groups like hydroxyl, epoxy, carbonyl, and carboxylic leads to increased interlayer 

separation. When these groups are introduced, the carbon hybridization in graphite changes from 

being sp2 to being a mixture of sp2 and sp3 in GO. The C/O ratio, which varies from 1:1 in highly 

oxidized graphite oxide to 4:1 in less oxidized graphite oxide based on the oxidation process and 

environmental factors, defines the oxygen content in graphite oxide. Because of these oxygen 

groups, graphite oxide is highly hydrophilic and easily exfoliates to graphene oxide (GO) in 

Fig. 1.9. Illustration of synthesis procedure of Graphene on Cu [73]. 
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aqueous solution. The oxygen concentration was lowered to around a C/O ratio of 10 by the 

conversion of GO to rGO.  

Despite having defects in its surface, rGO is the least expensive way to get comparable quality to 

graphene sheets. One of the common critical reaction reduction techniques is the reduction of GO, 

which works as follows: Thermally-mediated reduction, electrochemical reduction, and chemical 

reduction using hydrazine monohydrate, hydrazine, and sodium borohydride are the three methods. 

The structure of GO and rGO as well as the schematic for their preparation is shown in Fig. 1.10. 

1.2.1.3. Photocatalytic dye degradation by Graphene 

Due to its potential for use in energy and environmental-related applications, semiconductor-

mediated photocatalysis has garnered worldwide interest in recent years. Its low efficiency, 

however, is caused by the rapid recombination rate of photogenerated electron-hole pairs within 

photocatalytic materials, which restricts its practical uses. Thus, improving the photocatalytic 

activity of semiconductor photocatalysts requires suppressing the recombination of charge carriers 

[78].  

Owing to the long-range pi conjugation, graphene has drawn attention of numerous theoretical 

studies and has become a promising area for researchers in recent time. Graphene potentially 

incorporate  with various  components such as metal (Ag, Au Pt, Pd etc.), metal oxide (ZnO, TiO2, 

MnO2, Co2O4, Fe2O3 etc.) and polymer to construct a hierarchical catalytic system [79]. The 

availability of oxygen groups and flaws in GO were discovered to be the main reasons why 

graphene support derived from GO exhibits crucial anchoring sites. The formation of rGO included 

the regulation of oxygen levels as well as the determination of the degree and timing of the reduction 

and oxidation situation [80]. In this regard, graphene supported nanocomposites are thought of as a 

developing area of study for environmental cleanup and water purification systems. Graphene-

based nanocomposites are constructed to improve the absorptivity of pollutants, to increase light 

energy absorption, to facilitate charge carrier migration, to eliminate the rate of recombination, and 

consequently to increase the photocatalytic efficiency. Moreover, when graphene used as a support 

material nanocomposite, it decreases aggregation, restricts re-stacking, increases surface area, 

offers mechanical strength, supports material, inhibits leaching, corrosion, and electron scavengers, 

acts as a photosensitizer, and does other things that improve the practical use of photocatalysts. 
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Nano-composites based on graphene are advantageous because they offer characteristics including 

good water dispersion, simple chemical functionalization, and biocompatibility. Furthermore, as 

they are not powerful oxidants, no hazardous secondary byproducts are anticipated to be produced 

[81].  

Many visible-light photocatalysts have been constructed and evaluated for water decontamination, 

and graphene-supported UV-visible light assisted photocatalysis has recently emerged as an 

efficient, affordable, and environmentally acceptable technique [82]. According to studies, using 

graphene as a support material to anchor catalyst nanoparticles (NP) offers up new opportunities 

for creating a new generation of catalysts [81].  

Consequently, photocatalytic degradation of organic molecules has made considerable use of 

semiconductor photocatalysts based on graphene. These composites have improved charge 

separation and transportation characteristics, a large dye adsorption capacity, and a wider light 

absorption range. The P25 TiO2-graphene compound, for instance, was described by Zhang et al. 

as a high performance photocatalyst [83]. When compared to the bare P25, this composite 

Fig. 1.10. (a) Schematics of the chemical structure of graphene, graphene oxide and  reduced 

graphene oxide. (b) Route of graphite to reduce graphene Oxide [77]. 
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photocatalyst demonstrated a notable improvement in the photocatalytic degradation of methylene 

blue (MB) in water under both UV and visible light irradiation. Adsorption of dyes increases 

compared to that on the bare P25 because MB molecules can be transported from the solution to 

the surface of TiO2 and adsorbed with offset face-to-face orientation via pi–pi conjugation between 

MB and aromatic areas of graphene.  

1.2.1.4. Adsorption of pollutant dye by graphene 

It has been reported that activated carbon is  a conventional adsorbent of pollutant in the field waste 

water treatment owing to it’s versatility, benign nature, but its application is limited as it has  high 

regeneration cost and chemical rigidness [84]. Graphene has opened up new possibilities for 

managing pollutants through adsorption. Adsorption occurs on the surface of graphene composites 

due to their ultra-large surface area and strong π–π interaction [85]. Physical adsorption is caused 

by both the π–π interaction and the electrostatic interaction of oppositely charged functional groups 

on the adsorbent and adsorbate [86]. Additionally, studies have shown that the adsorption is highly 

sensitive on ionic strength and pH, suggesting an ion exchange process. 

 Graphene has been enhanced with a lot of oxygen-containing functional groups to form reduced 

graphene oxide (rGO) and graphene oxide (GO). The surface functions of GO make it a material 

with great potential for use in environmental applications. The preferred materials for the adsorption 

of charged species are graphene and GO due to the adsorbate's electrostatic interactions with them.  

Dye removal has been achieved through the use of three-dimensional reduced graphene oxide 

macrostructures. Orange G (OG) was eliminated using exfoliated graphene oxide (EGO) and 

reactive graphene oxide (RGO) [87]. The charge on the dye determines whether to use GO or rGO 

for efficient adsorption. 

RGO-Fe3O4 nanoparticles were used to remove RB, R6G, acid blue 92 (AB 92), MG, and other 

pollutants, addressing the need for a better carbon-based replacement. Annealing allowed the dye 

to be easily renewed without significantly reducing its regeneration capacity. It also displayed the 

ability to adsorb several dyes concurrently without being impacted by pH or temperature [88]. 



  Chapter 1 

Ph.D Thesis: Bidisha Mandal, Jadavpur University, Feb. 2024 26 

 

1.2.1.5. Graphene as electrode material for electrochemical supercapacitor application 

Considering the need for energy conversion and storage, graphene offers a highly adjustable 

specific surface area (SSA) of 2630 m2g−1, as well as a remarkably high electronic conductivity 

because of the free, high-mobility pi (π) electrons present in its orbitals. [89]. Furthermore, 

graphene has 4.5×103 times better electronic conductivity than copper (theoretical: 200,000 cm2 

V−1 s−1) and is temperature-independent [90]. Graphene is classified as an electrochemical double 

layer capacitor (EDLC) due to its charge storage process, which involves ions accumulating charges 

electrostatically on the material surface [91]. This type of supercapacitor has a quick 

charge/discharge rate and great cycle life performance [92]. A specific capacitance of 111 Fg-1 was 

achieved with ultrathin graphene paper with 25 nm thickness [93]. Exfoliating graphene under high 

vacuum at 200 C results in a high capacitance of 200 Fg-1 [37]. Researchers also began 

experimenting using graphene oxide(GO) and its reduced counterpart to fabricate inexpensive, 

high-yield graphitic materials that can be easily attached on a flat flexible substrate [94, 95].  

However, the capacitance values of graphene reported in the literature are substantially lower than 

its predicted value of 550 Fg-1 [96]. This is because graphene sheets are easily stacked back 

together, making it harder for ions in electrolytes to reach [97]. Therefore, by decorating graphene 

with imperfections, impurities, or electroactive elements, such as metals or metal oxides, additional 

active sites are produced, and high specific capacitance values can be attained [96]. Recently, Sun 

et al. obtained NDG nanosheets with a high nitrogen level via a hydrothermal reaction of GO and 

urea that exhibited excellent capacitive behaviors (326 Fg−1 at 0.2 Ag−1) [98]. 

1.2.2. Spinel ferrite nanoparticles (SFNP) 

Ferrites are mixed metal oxides with iron (III) oxides as their main component that crystallize in 

three crystalline structures; spinels, garnet (A3Fe5O12) and magneto plumbite (AFe12O19) where A 

and B are metal ions. The physically simplest of these, spinel ferrites, crystalize into the spinel 

structure, which is essentially governed by the oxygen ion lattice [99]. Spinel ferrite is a structure. 

MFe2O4, where M is the name of the metal, is a cubic, tightly packed arrangement of oxygen atoms, 

with M2+ and Fe3+ at two separate crystallographic sites. 
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These sites, designated as A and B-sites, respectively, exhibit tetrahedral and octahedral oxygen 

coordination. The spinel structure contains two places where metal cations can occupy cations. It 

has sixteen B-sites with octahedral coordination and eight A-sites where the metal cations are 

tetrahedrally coordinated with oxygen. The term "normal spinel" refers to ferrite in which the A-

sites are occupied by M2+ cations and the B-sites by Fe3+ cations. If M2+ and Fe3+ cations occupy 

the B-sites randomly but Fe3+ cations completely occupy the A-sites, the resulting structure is called 

an inverse spinel. Most spinels have an intermediate degree of inversion in their cation distribution, 

with some M2+ and Fe3+ cations present at both locations. The magnetic characteristics of spinel 

ferrites display ferrimagnetic ordering. The magnetic moments of the cations at the A and B sites 

are parallel to one another. Between the A and B-sites the arrangement is antiparallel and as there 

are twice as many B-sites as A-sites, there is a net moment of spins yielding ferrimagnetic ordering 

for the crystal. Therefore, the choice of metal cation and the distribution of ions between the A and 

B-sites give a changeable magnetic system [100]. Fig. 1.9 represents the crystal structure of spinel 

ferrite and the distribution of metal. In brief, there are the following kinds of spinel ferrites based 

on the distribution of cations. 

(1) Normal spinel structure, where all M2+ ions occupy A-sites; structural formula of such 

ferrites is M2+ [ Fe2
3+ ] O4

2− . Zinc ferrites are where this kind of distribution occurs. 

Zn2+[Fe2+Fe3+]O4
2−. 

(2) Inversed spinel structure, where Fe3+ ions are equally distributed between A and B-

sites and all M2+ ions are in B-positions: Fe3+[Mn2+Fe3+] O4
2− is the structural formula of 

Fig. 1.11. The crystal structure of spinel ferrite and the distribution of metal ions. 
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these ferrites. The spinel structure of magnetite Fe3O4 and ferrites NiFe2O4  and CoFe2O4  

is inverse. 

 (3) Mixed spinel structure, when the cations Me2+ and Fe3+ occupy both the A and B 

locations; the structural formula of this ferrite is M1−δ
2+ Feδ

3+ [Mδ
2+Fe2−δ

3+ ]O4
2− , where δ 

denotes the inversion degree. MnFe2O4 which is a type of structure with an inversion degree 

of δ = 0.2 and structure Mn0.8
2+Fe0.2

3+[Mn0.2
2+Fe1.8

3+]O4
2−. Additionally, Mn-Zn ferrites have a 

mixed spinel structure, with Zn2+  favoring A-site occupancy with structure 

Znx
2+Mny

2+Fe1−x−y
3+ [Mn1−x−y

2+ Fe1+x+y
3+ ]O4

2−. In this case, δ = 1 − x − y. 

SFNP are widely used in many different applications, from biomedical to industrial. In the former 

scenario, SFNP main uses are in cancer diagnosis, cancer gene therapy, and drug delivery. In the 

latter scenario, on the other hand, they may be employed as a gas sensor, a catalyst and pollutant 

removal through adsorption or photodegradation, a high-frequency device, water splitting, and 

membrane modification. When SFNP are employed as catalysts, they help to speed up chemical 

reactions in a variety of inorganic and organic synthesis processes as well as the photodegradation 

of contaminants found in organic waste. An external magnetic field can be used to easily extract 

SFNPs from the solution mixture when treatment is completed. Another crucial characteristic is 

their ability to photodegrade organic contaminants, which is why their nanoparticles and 

nanocomposites are used to remediate wastewater [4].  

1.2.2.1. Synthesis method of spinel ferrite nanoparticles 

The synthesis of homogeneous nanoparticles is crucial because their dimensions heavily influence 

their electrical, optical, and magnetic properties [101]. Typically, the relative surface area of 

nanoparticles increases with their decreasing size. At the nanoscale, conductivity and electrical 

structure differ significantly from bulk size [102]. Nanomaterials synthesis methods fall into two 

categories: "bottom-up" and "top-down." Bottom-up synthesis involves chemically combining ions 

to make particles, whereas top-down synthesis involves crushing chemicals to form tiny particles. 

Several synthesis techniques exist for the "bottom-up" approach, including co-precipitation, 

hydrothermal, thermal decomposition, solvothermal, sol-gel, sonochemical, microwave-assisted, 

microemulsion, and polyol techniques. The first four are the most common. Mechanical milling 

and pulsed laser ablation are the only commonly used "top-down" synthesis techniques.  
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The properties of SFNPs are heavily influenced by the synthesis procedures utilized, which in turn 

has a substantial impact on their adsorption capacity when used to remove contaminants from 

wastewater. For example, in a study comparing brilliant green decolorization by NiFe2O4 NPs [41], 

60% of brilliant green decolorization was achieved within 10 minutes of microwave irradiation in 

the presence of NiFe2O4 NPs synthesized by co-precipitation, whereas no significant change was 

observed when NiFe2O4 synthesized by sol-gel method was used. The difference between the two 

was attributed to alkali residual release by NiFe2O4 produced via the co-precipitation method. 

Similarly, the magnetite-hematite mixture generated by various methods was successfully used as 

an adsorbent material and extremely efficient for the removal of metal from water such as Pb(II), 

Cd(II) and Cr(III) [103]. 

1.2.2.2. Waste water treatment using graphene and spinel ferrite nanocomposites (GSF) 

Research has clearly demonstrated the wide range of applications for GSF in water and wastewater 

treatment. Among the most well-known applications for GSF are adsorption and photocatalytic 

degradation of organic dye pollutants, which will be explored in the following sections. Several 

procedures have been used to treat water and wastewater, with varied degrees of success. Other 

treatment options could be utilized for eliminating effluent dyes from water; however, many issues 

impede their use, such as insufficient dye removal, difficulty with adsorbent recovery, lack of cost-

effectiveness of the method, and, in some cases, waste sludge is voluminous and requires proper 

design, as well as a large amount of space for disposal [104] . 

Because of the aforementioned constraints, current adsorbents for water and wastewater treatment 

are ineffective. As a result, there is a need for an adsorbent that is inexpensive, efficient, and easy 

to recover and reuse. Keeping this in mind, GSFs are the most appropriate materials for addressing 

water filtration and quality issues [105]. This is mostly owing to their remarkable physical and 

chemical qualities, along with magnetism which allow for the simultaneous removal of a wide range 

of contaminants while also being easy to recover and reuse. the simplicity of recovery and the 

ability to reuse recovered adsorbents for numerous cycles without losing removal capability make 

GSF one of the best options. Spinel ferrite nanoparticles and their equivalent GSF composites have 

significant advantages over their bulk counterparts, particularly in terms of increased adsorption 

capacity, cost-effectiveness, and pollutant removal efficiency [106]. 
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Some of the benefits of spinel ferrite nano particles for water and wastewater treatment are as 

follows [107]. 

• Small amount required 

• Simple preparation 

• No filtration 

• Fast adsorption 

• Cost effective 

• Efficient 

• Easily recovered and reused. 

Adsorption studies of inorganic contaminants [e.g., Cr(VI), U(VI), As(V), and Pb(II)] on different 

GSFs have demonstrated that the protonation/deprotonation of surface functional groups of GSFs 

over a wide pH range results in the electrostatic interactions, ion exchange, and formation of the 

inner-sphere surface complexes as the dominant adsorption mechanisms. The U(VI) ions, for 

instance, were firmly attached to rGO/CoFe2O4/polyaniline (rGO/CF/PANI) via hydrogen bonding 

and electrostatic interactions between the surface functional groups (SeNH2, S]NH, and SeCOOH, 

where S denotes the surface) of the rGO/CF/PANI and U(VI) [108]. 

On a number of GSFs, the π-π stacking interaction was discovered to be the main adsorption 

mechanism for the removal of organic pollutants (such BPA and MB dye). Wang et al. reported  

that the π-π stacking interactions between rGO and MB molecules may be responsible for the 

increased adsorption efficiency of rGO/ZnFe2O4 [109]. Hu et al. [110] further showed that the 

increased surface area and π-π stacking interactions between the hydrophobic BPA and rGO's 

skeletal structures improved the BPA adsorption when rGO (wt%) was added to BFO249/GO4.5. 

Prior to that, in BFO249/GO4.5, the overabundance of GO's functional groups restricted the π-π 

interaction, which in turn decreased the BPA adsorption. 

On the other hand, with NPs of heterogeneous photocatalysts, different non-magnetic nanoparticles 

with high surface areas are crucial for catalytic processes in many industrial applications. However, 

these photocatalysts, such as semiconductors (TiO2, ZnO, and ZnS), have some limitations because 

their recovery after waste treatment is a challenging process that is expensive and time-consuming 

due to their small sizes [111].  
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As a result, the issue of inadequate recovery not only results in the loss of the photocatalyst but also 

causes the leftover photocatalyst to contribute to additional environmental contaminants. The 

practical use of nonmagnetic photocatalytic semiconductors is limited by these issues. Recently, 

potential remedies for reducing the aforementioned restriction have developed, including the 

incorporation of magnetic SFNPs into semiconductors [112-114]. Additionally, the ferrites show 

improved photocatalytic effectiveness because of their additional catalytic sites and favorable 

optical absorption for lower energy photons (hν~2 eV) [115]. Graphene inhibits the leaching of 

hazardous nanoparticles and forms ferrites on graphene nanosheets that can prevent agglomeration, 

enhancing both adsorption and photocatalytic performance. These properties are due to graphene's 

large specific surface area, chemical durability, and reduced electronic band gap. It was reported 

by Liang et al., that MB molecules adsorbed on rGO/NiFe2O4 by π-π stacking and electrostatic 

contact were broken down by h+, •OH and O2
• –  produced by interaction with H2O or OH- ion under 

visible light irradiation was the predominant oxidative species in the photocatalytic breakdown of 

MB [116]. The reaction between photogenerated e and O2
• – produced the minor species known as 

O2. The graphene-based CoFe2O4/CdS (Gr-CoFe2O4/CdS) system, which was generated from 

CoFe2O4, showed better photocatalytic activity, according to Shi et al. [117]. This was because of 

the reduced electronic band gap (0.8 eV) of graphene. Using graphene as an electron mediator, the 

photo-excited e in CoFe2O4 moved to the CB of CdS. •OH and O2
• – which serve as the primary 

species for the breakdown of MB dye, are created during this process. Further research by Singh et 

al. revealed that nitrogen-doped graphene/ NiFe2O4 (NiFe2O4-NG) limited direct h-e recombination 

by trapping the delocalized electrons and improved the adsorption of MB dye through π-π 

interactions with the aromatic rings of hydrophobic MB molecules [118]. CuFe2O4@g-C3N4 core-

shells were synthesized by a self-assembly technique under visible light irradiation in another study 

[119]. This combination performed exceptionally well in the degradation of Orange II dye when 

H2O2 was present as an oxidant. When compared to CuFe2O4 or g-C3N4, the composite exhibited 

higher activity. Complete degradation of Orange II dye (0.28 mM) at 65 °C was seen in 90 minutes 

at a catalyst dosage of 0.1 g.l-1 and 0.01 M H2O2. This study also showed how crucial it is to raise 

the temperature to break down the activation energy barrier that prevents H2O2 from breaking down, 

which increases the production of hydroxide radicals. 
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1.2.2.3. Electrochemical properties of spinel ferrites and its composite with graphene:  

The unique physico-chemical properties of metal oxide nanostructures, including high specific 

surfaces, exceptional electrical conductivity, low toxicity, and low production costs, make them an 

attractive class of materials for a wide range of applications. Transition metal spinel ferrites have 

been the subject of much research over the past century because of their important dielectric, 

magnetic, and electronic properties. These qualities are of utmost relevance to the electronic 

industry [120, 121]. Spinel ferrites have also been employed in electrochemistry (lithium-ion 

batteries, EC sensors, supercapacitors, etc.) and energy supply studies due to their chemical stability 

[122]. Spinel ferrites have long been regarded as an active electrode material for supercapacitors 

[123]. Several spinel ferrites in various shapes and sizes have been investigated as supercapacitor 

materials (electrodes). For example, the Fe-based spinel NiFe2O4 has been investigated as a 

supercapacitor electrode material. Crystallite size and distribution were discovered to influence 

NiFe2O4's electrochemical performance [124]. Among other ferrites , MnFe2O4, CoFe2O4 have also 

gained huge attention in the field of supercapacitor [125, 126]. Despite all possible advantages of 

spinel ferrites, such as a wide potential window, excellent cycling stability, and high-power delivery 

capabilities, their poor electrical conductivity limits its actual applications in supercapacitors. 

Several composites of spinel ferrite nanoparticles with electrically conductive carbon-based 

materials, such as carbon nanotubes (CNT) and graphene, have been presented to improve the 

electrochemical performance [127], [128]. 

Graphene-based materials are widely used due to its superior electrical conductivity, increased 

chemical stability, and specific surface area when compared to other forms of carbon. Xiong et al. 

reported that the specific capacitance of CoFe2O4 can be increased with rGO doping from 52.5 to 

254.5 F/g. The rate capability and stability of the material are also improved alongside the specific 

capacitance [129]. He et al. showed enhanced cycle stability and improvement in the specific 

capacitance of  CoFe2O4 from 18.7 F/g to 123.2 F/g when there is composite formation with rGO 

[130]. In essence, the production of composite materials containing metal oxide and graphene 

materials offers advantages in terms of high surface area, porosity, and conductivity, leading to 

high specific capacitance of ferrite nanoparticles with long cycle life [131]. 
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1.3. Motivation and objective of the Thesis 

The removal of harmful contaminants from water resources is one of the main environmental 

concerns in pollution control. It has been a severe issue for both the environment and human health 

since industrial effluents carrying dangerous dyes like Congo red, Methyl orange, and Methyelene 

Blue which are contaminating the water resources. Due to their high toxicity and carcinogenicity 

and non-biodegradable aromatic structure, the majority of dyes are dangerous [132]. Among 

various waste water treatment, Photocatalytic water treatment is a well-known advanced oxidation 

process in which the photocatalyst material with the production of electron-hole pair upon the 

irradiation with light, mineralize complex organic compound to mainly CO2, H2O, and other non-

harmful inorganic materials [133]. Adsorption is also the preferred method because to its low cost, 

ease of usage, and minimal sludge generation [134]. So, for treating huge amounts of wastewater, 

it is crucial to create innovative Photocatalyst as well as adsorbents with high removal efficiency 

for dye along with the quality of quick separation rates. On the other hand, due to the demands of 

contemporary civilization and growing ecological concerns, there has been an ever-increasing 

demand for the investigation of creative, inexpensive, ecologically friendly, and high-performance 

energy storage devices [135]. Due to their high-rate capability, pulse power supply, long cycle life, 

straightforward principles, high dynamic charge propagation, and low maintenance costs, 

supercapacitors-also known as electrochemical capacitors and ultracapacitors-are thought to be a 

promising candidate for alternative energy storage devices. 

Due to their excellent catalytic and magnetic properties and ease of fabrication, spinel ferrite 

MnFe2O4 magnetic nanoparticles have recently become potential candidates for a variety of 

applications, including energy storage, waste water treatment, drug delivery, etc. But in case of 

photocatalysis, high recombination rate of the photo-induced charge carriers results in typically low 

photocatalytic efficiency. MnFe2O4 is also a great material for energy storage, but its performance 

as a pseudocapacitor has occasionally been hindered by its low electronic conductivity. This can 

lead to insufficient charge transport at the electrode/electrolyte interface and in electrodes, which 

inhibits the production of enough faradaic redox reactions [127].  

Since it has strong conductivity and a sizable surface area of about 2600 m2g-1, graphene, a single 

atom thick sheet with a hexagonal honeycomb sp2 -hybridized carbon atom network, has been 
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widely employed as an EDLC material. Theoretically, graphene-based supercapacitors can achieve 

capacitance of 550 Fg-1 when their entire surface area is used [136]. Given that graphene has 

structural and surface restrictions, its specific capacitance in practice ranges from 130 to 200 Fg-1, 

which is significantly less than its theoretical value [137]. Graphene has a high surface area, strong 

chemical stability, and high electron mobility in its chemical structure, making it a promising 

material to remove significant quantities of organic pollutants from sludge [138-141]. Though 

Graphene is an effective adsorbent, but it is difficult to reuse, which could drive up costs and lead 

to secondary pollution. 

Summing up all the challenges, and based on above discussions, the objectives of the present thesis 

work have been: 

1. To develop MnFe2O4/rGO based photocatalyst for the removal towards the 

photodegradation of Methylene Blue (MB) dye in an aqueous solution under UV light 

irradiation. To identify the dominant active species during photocatalytic processes, to explore 

the kinetics, and to suggest photocatalytic mechanisms and to explore the link between the active 

species and photocatalytic activity. 

2. To prepare N doped graphene, with the help of graphene oxide by a facile solvothermal 

method at, using DMF as a source of nitrogen as well as a reducing agent. Our intention was to 

achieve theoretical value capacitance of pristine graphene. 

3. To prepare MnFe2O4 nanoparticles on the surface of reduced graphene oxide via a facile 

one-step solvothermal strategy which includes the reduction of graphene oxide (GO) to reduced 

graphene oxide as well as the formation of MnFe2O4 nanoparticles on a graphene sheet. To 

investigate the enhanced electrochemical properties with the introduction of graphene. 

4. To prepare CoFe2O4/rGO-based adsorbent for the removal of Methylene Blue (MB) dye, to 

explore the kinetics, and to suggest adsorption mechanisms. To explore the reusability of the 

composite as adsorbent. 
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CHAPTER 2 

 

EXPERIMENTAL AND 

CHARACTERIZATION TECHNIQUES 

 

In this chapter a comprehensive information regarding the instrumentation that are utilized for 

the study of the present work is presented. To fulfill the research aim, experimental work was 

performed in the laboratory, followed by the characterization of the synthesized graphene oxide 

and spinel ferrite nanoparticles. A brief description of various techniques for the determination of 

crystal structure, morphology, chemical composition, magnetic properties, optical properties, and 

electrochemical properties etc. are presented. This includes instrumental techniques, their 

theories, operational procedures and methods of analysis that are used for the study of the present 

thesis work. 
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2.1 Synthesis of spinel ferrite nanoparticles 

The creation of homogeneous nanoparticles is crucial because their dimensions heavily influence 

their electrical, optical, and magnetic properties [1]. Typically, the relative surface area of 

nanoparticles increases with their decreasing size. At the nanoscale, conductivity and electrical 

structure differ significantly from bulk size [2]. Spinel ferrites can be made using two general 

methods: traditional synthesis and green synthetic pathways. The two most common methods of 

synthesis are physical and chemical. Spinel ferrites can typically be made by utilizing Fe(III) and 

M(II) (M=Mn, Co, Cu, Ni, Zn) salts as precursors, and the ratio and constituents of these salts can 

be changed to control the structural composition. In particular, biological methods can be 

recognized as green synthetic pathways when taking the environmental friendliness of the 

synthesis process and the biocompatibility of the produced products into account. 

2.1.1 Co-precipitation 

A quick and inexpensive method for making spinel ferrites is co-precipitation. By combining two 

or more different types of cations in a solution, one can produce a precursor through metal 

precipitation. After precipitation and calcination, the desired material can be created. This 

approach shows promise for large-scale preparation by utilizing moderate conditions and the 

potential for direct synthesis in water [3]. Many variables, such as salt precursors, precipitation 

medium, reaction temperature, pH, the ionic strength of the media, hybrid rate, surfactant addition, 

as well as mechanical and heating processes, may alter the size and shape of the particles [3]. For 

instance, it was looked into how the structure and magnetic properties of co-precipitated CoFe2O4 

nanoparticles were affected by different calcination temperatures (500° C and 800° C) [4]. The 

findings showed that the crystallite size and magnetic characteristics were significantly influenced 

by the reaction temperature and the calcination temperature. The size of the crystallite grew larger 

as the calcination temperature rose. This was due to the fact that the activation energy needed by 

the crystal nucleus decreased with increasing calcination temperature [5]. 
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2.1.2 Solvo(hydro)thermal method 

The solvothermal method (or hydrothermal if water is the solvent) employs the use of aqueous or 

non-aqueous solvents for a better control of particle size distribution and morphology. It is one of 

the most environmentally friendly and promising synthesis methods currently accessible [6]. The 

production of a homogeneous solution of the metal salts is the first step in this process, which is 

followed by the addition of a base until a basic pH is obtained. The resulting mixture is then put 

into an Teflon lined stainless-steel autoclave (Fig. 2.1) and heated for a long time, between 140-

220 C [7]. Depending on the nature of the nanoparticles, the heating temperature and duration of 

heating are fixed. The solid products are collected, thoroughly cleaned multiple times in separate 

batches of distilled water and ethanol, and then dried. The dried powders are thereafter sintered 

once again [8]. The mechanism entails the initial creation of metal hydroxides, which are oxidized 

and transformed into the crystalline spinel ferrite as a result of the thermal treatment under high 

pressures. High crystallinity and a suitable narrow size distribution characterize the nanoparticles 

that are produced. By modifying the reaction temperature, duration, solvent, surfactant, and 

precursor types, it is possible to optimize the nanoparticles' size and shape [9]. 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Teflon chamber and stainless-steel chamber where all the synthesis were 

carried out. 
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2.2 Characterization techniques 

This section provides a brief description of the instrumental techniques used to characterize our 

synthesized samples. This includes experimental techniques, theories, operational procedures, and 

methods of analysis that are used for the study of the present thesis work. The structural, 

morphological and chemical composition of the sample were investigated by X-ray Diffraction 

(XRD), Field emission Scanning Electron Microscopy (FE-SEM), High-resolution Transmission 

Electron Microscopy (HR-TEM), Selected Area Electron Diffraction (SAED), Fourier 

Transformed Infra-Red (FTIR) spectroscopy, and Raman spectroscopy. The magnetic 

characterizations were investigated employing Vibrating Sample Magnetometer (VSM) and 

superconducting Quantum Interference Device (SQUID). The optical properties were studied by 

Ultraviolet-visible (UV-Vis) absorption spectroscopy and Fluorescence spectroscopy. The 

electrochemical properties of prepared samples were investigated by electrochemical station with 

conventional three electrode system. 

2.2.1. X-ray Diffraction (XRD) 

A sample's unknown crystal structure can be determined via X-ray diffraction (XRD). There is a 

one-to-one relationship between the positions and intensities of the peaks indicated in the XRD 

pattern and those indexed peaks in the candidate diffraction pattern. As a result, the XRD findings 

are regarded as the "fingerprint" of crystals in materials. The crystal structures of GO, rGO, 

MnFe2O4, MnFe2O4/rGO, CoFe2O, and N-RGO were characterized in this work using XRD. 

The cathode ray tube creates X-rays when a focused electron beam bombards a solid target that is 

either stationary or rotating while being driven across a high voltage field. The beams are then 

focused and collimated to produce monochromatic radiation before being directed at the substance 

[10]. 

Then, these diffracted X-rays are found, examined, and tallied. Due to the powdered sample's 

unpredictable orientation, the samples are scanned at a range of 2 angles to obtain all potential 

lattice diffraction directions. The conversion of diffraction peaks to d-spacings follows. Due to the 

fact that each element in the sample has a specific set of d-spacings, the d-spacings enable the 

identification of the elements within the sample. There are three indices (h, k, and l) for each 



Chapter 2 

Ph.D Thesis: Bidisha Mandal, Jadavpur University, Feb. 2024 49 

 

crystallographic plane. The JCPDS database can then be used to index each plane with a unique 

set of h, k, and l.  

There are two fundamental configurations for powder diffractometers: θ-θ, in which the detector 

and X-ray tube move simultaneously, and θ-2θ, in which the X-ray tube is fixed and the specimen 

travels half as fast as the detector to preserve the θ-2θ geometry. The system for our Bruker D8 

Advanced Diffractometer is a θ-2θ system. A detector is used to electronically record the 

diffraction angles and intensities, and specialized software is used to visualize the sample's 2θ 

(horizontal axis) vs. intensity (vertical axis) data [11]. 

Using the Debye-Scherrer formula, the sample's crystallite size (D) can be calculated as: 

D = (0.9 λ)/ (β cosθ) 

Where, D = Crystallite size, 

λ = wavelength of light 

β = Full-width half maximum (FWHM) of the peak in radians 

θ = Bragg angle. 

Our samples' PXRD patterns were generated using Cu Kα radiation (λ = 1.54184 Å at 35 kV, 35 

mA) on a Bruker D8 Advanced Diffractometer. The diffraction patterns were recorded by using a 

scanning rate of 0.02° s-1 in the 2θ range from 20° to 80°. 

2.2.2. Field Emission Scanning Electron Microscopy (FE-SEM) 

A scanning electron microscope (SEM) is a type of electron microscope that provides topography 

of a material by scanning its surface with a concentrated stream of electrons [12-14]. An electron 

column, a scanning system, a vacuum system, electrical controls, a detector or detectors, and a 

display are the main parts of a conventional SEM. The SEM's electron column is made up of an 

electron gun and two or more vacuum-operated electromagnetic lenses. In SEM, an electron gun 

with a tungsten filament cathode with an energy range of (0.2 keV to 40 keV) thermionically 

discharges an electron beam. The electron beam is then pin-pointed into a tiny probe and scanned 

across the sample's surface using scanning coils. The voltage range used by SEM is between 2 and 

50 kV, and the beam diameter used to scan the sample is between 5-2 nm. Electromagnetic 

radiation is produced as a result of the interaction between the electron beam and electrons close 

to the specimen's surface. Secondary electron emission (SE) is caused by inelastic scattering, while 
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backscattered electron emission (BSE) is caused by elastic scattering and electromagnetic radiation 

is produced by the electronic transition from an excited atom. 

The SE or BSE among them are detected by a detector, amplified, and shown on a computer screen. 

The image of the sample is captured as a 2D intensity distribution, and it is discovered that the 

density of SE corresponds exactly to this distribution. In our case, lyophilized samples were placed 

on carbon tape over a stub, vacuum-dried, and gold coated before being examined using FESEM 

(FEI, INSPECT F50). 

2.2.3. High-Resolution Transmission Electron Microscopy (HR-TEM) 

In comparison to SEM, TEM can image with a much better resolution. The HR-TEM is a flexible 

technique for the characterization of the nanostructured particles since it even enables the 

production of pictures below 0.5  Å and allows the exploration of shape, composition, and 

crystallographic information [15, 16]. In TEM, the electrons are emitted by a source and 

accelerated by an anode in the range of 40-400 keV with respect to the cathode. A condenser lens 

helps to focus this stream of electrons into a narrow, coherent beam. After that, the condenser 

aperture allows the electron beam, which is restricted by the two condenser lenses, to pass through 

and hit the specimen's surface. The electron beams that are transmitted and elastically dispersed 

travel via the objective lens. A portion of the specimen is transmitted when the beam strikes it. 

The objective lens concentrates the transmitted portion to create an image. The elastically 

dispersed electrons that will create the microscope's image are chosen using the objective lens and 

the area aperture. The three lenses that made up the magnifying system are finally reached by the 

beam. The resulting image is displayed on a monitor, a fluorescent screen, or both. When an image 

hits a phosphor image screen, light is produced that the user can see. because there will be fewer 

transmitted unscattered electrons in the thicker parts of the specimen, it will seem darker. 

The specimen with smaller regions will, however, have more transmitted electrons and will 

therefore seem brighter. Bright-field imaging mode is the mode of operation used to obtain contrast 

in an image. For TEM operation, extremely high vacuum and high voltage are needed. In a TEM, 

several picture kinds are acquired by choosing the appropriate apertures and various electron types. 

Diffraction patterns are produced as a result of the dispersed electrons. However, the choice of the 

unscattered beam allows for the creation of bright field photographs. If the objective aperture picks 
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up diffracted beams, dark field images can be captured. Magnetic lenses can be used to gather the 

scattered electrons, forming a pattern of spots or rings as a result. The term "selected area 

diffraction" (SAED) pattern is used to describe each spot or ring that corresponds to a specific 

atomic spacing in this case. This SAED pattern offers a special ability to show the crystal structure 

of the individual as well as several components of the nanomaterials or nanocomposites. In our 

case, the sample was made by drop-casting on a copper grid coated in lacey carbon from a solution 

of the sample dispersed in a nonpolar solvent typically chloroform, and then drying it. A JEOL 

JEM 2012 electron microscope was used to observe the grid after that. It was operated at 200 kV 

accelerating voltage. 

2.2.4. Fourier Transform Infrared Spectroscopy 

A characterization technique called infrared (IR) spectroscopy can be used to determine the IR 

frequencies that correlate to the stretching, bending, and vibrational motion of atoms in a molecule 

[17]. A fingerprint is often used to describe an infrared spectrum because it shows important details 

about the atoms' vibrational bonds using the sample's absorption peaks. Because no two 

compounds have an identical infrared spectrum, every material has a unique atom arrangement. 

The He-Ne gas laser, an infrared source, emits a wide spectrum of infrared radiation with various 

wavelengths. An interferometer modifies the infrared light as it passes through it. The incoming 

IR radiation is then subjected to an optical inverse Fourier transform via the interferometer. The 

modulated IR beam passes through the sample and is partially transmitted (passing through) after 

being absorbed to varying degrees at various wavelengths by the various types of molecules 

present in the sample. 

In order to get the sample's IR spectrum, a detector measures the intensity of the IR beam. The 

detected signal is then digitalized and Fourier transformed by a computer on a Perkin Elmer FTIR 

spectrum RXI spectrometer. IR spectrum in the range of 4000-400 cm-1 were recorded for this 

thesis work at room temperature. Powdered samples were combined with KBr powder for all 

measurements before being pelletized for the test. Using a KBr pellet reference blank, the 

background correction was made. 
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2.2.5. Raman Spectroscopy 

A useful spectroscopic method for identifying rotational, vibrational, and other low-frequency 

modes in a chemical system is Raman spectroscopy. This particular sort of spectroscopy is linked 

to molecular vibrations that correspond to an overall change in electrical polarizability (α). Raman 

spectroscopy is frequently employed as a fingerprint to identify compounds because it provides 

important information about the symmetry and chemical interactions in the system [18, 19]. As 

some modes of vibration are not visible in IR spectra but can be recognized with Raman spectra, 

hence Raman spectra are frequently analyzed alongside IR spectra in studies. When photons and 

molecules interact via Raman scattering, energy is transferred between them. This is a sort of 

inelastic scattering. Raman spectroscopy involves exposing the sample to monochromatic light 

and detecting the scattered light. Rayleigh scattering or elastic scattering is the name of this 

method. Because of interactions between the incident photon and the vibrational energy levels of 

the molecules of a material, a tiny portion of the incident light is scattered at optical frequencies 

that are distinct from the frequency excitation source in this case. 

When light interacts with an excited molecule's electron cloud, it moves the molecule from its 

ground state to a virtual energy state. After that, a photon is released before returning to the original 

rotational or vibrational state. The energy difference between the original state and this new state 

causes a change in the frequency of the photons that are released as a result. The emitted photon 

will be shifted to the lower energy level if the molecule's final vibrational state has higher energy 

than its beginning state; this change in frequency is known as the Stokes shift. The emitted photon 

is moved to a higher frequency level and called an Anti-Stokes shift if the final vibrational energy 

is lower than that of their initial state. When a molecule's electric dipole interacts with the electric 

field of incident light, the Raman Effect occurs. Here, a laser source illuminates a sample, while a 

lens collects electromagnetic radiation from the illuminated spot. After that, a monochromator is 

used to pass the electromagnetic radiation. The laser line's associated elastically scattered radiation 

(Rayleigh scattering) is removed using a filter, and the remaining light is spread onto a detector 

using various filters. The spectrometer's optics focus the scattered light, which a charge-coupled 

device (CCD) uses to detect it. A commercial Raman Spectrometer (HORIBA, Lab RAM, HR800) 

apparatus with a diode laser as a photon source and a 532 nm wavelength was used in our work to 

record Raman spectra.  
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2.2.6. Ultraviolet-Visible (UV-Vis) Spectroscopy 

Ultraviolet-visible (UV-vis) spectroscopy is frequently used to determine how optical radiation 

interacts with a sample and absorbs as a function of wavelength [20, 21]. It is frequently employed 

to describe the type of electronic excitation that occurs in a variety of organic, inorganic, or 

biological materials. In particular, it is helpful to determine the band-gap property from the 

absorption spectra of these materials. The electrical distribution of the materials as well as the 

surroundings they are in generally affect how much light they absorb. 

The components of a fundamental spectrophotometer are a light source (a deuterium arc lamp for 

the UV region and a tungsten filament for the visible region), a sample holder, a diffraction grating 

in a monochromator to separate the various light wavelengths, and a detector-typically a 

photomultiplier tube. In a typical apparatus, a monochromator such a prism or diffraction grating 

is used to separate a beam of light from a visible and/or ultraviolet light source into its many 

component wavelengths. 

The spectrophotometer has a half mirror device that divides each monochromatic beam of light 

into two beams of equal intensity. A light beam travels through the sample, which is often 

contained in a quartz cuvette or maybe a solid substrate retained in the spectrophotometer's sample 

chamber. While the other beam, which is used as the reference, travels through the exact same 

container as the first one, passing solely through the solvent to cancel out background noise. Then, 

using silicon photodiode or photomultiplier tube-based electronic detectors and the accompanying 

software, the intensities of these light beams are measured. The chemical composition and particle 

size have a significant impact on the absorption peaks width in the spectrum of nanoparticles. Here, 

a Shimadzu, UV-1800 spectrophotometer was used to characterize our samples (Fig. 2.2). 
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2.2.7. Vibrating Sample Magnetometer 

The vibrating sample magnetometer (VSM) is an adaptive instrument that detects a material's 

magnetic moment when it is vibrated perpendicular to a homogeneous magnetizing field. A 

physical property measurement system (PPMS) VSM was used to study magnetic properties of 

ferrite-based materials. The basic idea of this measurement is based on Faraday's law of induction.  

An electromotive force is created in the loop when the number of magnetic field lines passing 

through it changes. The magnetic moment is determined by VSM by subjecting the sample to 

sinusoidal motion and inducing the associated voltage near stationary pickup coils. Its intensity is 

proportional to the sample's magnetic moment, vibration amplitude, and frequency (ν). The 

simplest PPMS setup consists of a liquid He dewar into which the PPMS probe is put. The probe 

is equipped with an electromagnet, a sample chamber, and a temperature controller (1.8 K to 400 

K) in this configuration. A superconducting solenoid made of niobium-titanium alloy embedded 

in copper serves as the magnet. Because it is on the probe's exterior, it is always submerged in 

liquid helium. A closed superconducting circuit is formed by the magnet coil. The sample chamber 

includes a universal 12-pin platform, and each experimental option has its own insert. The PPMS 

Fig. 2.2: The Shimadzu, UV-1800 spectrophotometer 
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sample chamber requires the regular VSM detection (pick up) coil to be inserted. To oscillate the 

sample in the PPMS-VSM option, a linear motor is installed on top of the sample chamber. The 

oscillation has a frequency of 40 Hz and an amplitude of 2 mm (which can vary between 0.5 and 

5 mm). This setup measures the DC magnetization of the sample very quickly and with high 

sensitivity down to 10-6 emu. The magnetic measurements were carried out by vibrating sample 

magnetometer (Lake Shore Cryotonics, USA). 

2.2.8. Superconducting Quantum Interference Device (SQUID)  

One of the best and most accurate methods for analyzing a specimen's magnetic characteristics is 

SQUID magnetometry. It is the sole method that enables direct measurement of a sample's 

magnetic moment in absolute units. Two core ideas of superconductivity serve as the foundation 

for the SQUID's operation [22-24]. One is the quantization of magnetic flux in a superconducting 

ring, while the other is the Josephson effect. Cooper pairs, which are superconducting electron 

pairs, can tunnel through an extremely thin layer of insulator and into another superconductor. The 

propagation of electron waves can be used to understand the Josephson effect. The electron wave 

in one superconductor can cross over with the electron wave in the other superconductor if the 

insulating layer separating the two superconductors is thin enough. The cooper pairs subsequently 

tunnel through the insulating junction. Let us consider a SQUID made up of two identical 

Josephson junctions. The whole supercurrent is split into Ia and Ib, which tunnel through junctions 

a and b. Hence 

I= Ia + Ib 

When a magnetic field is provided, a magnetic flux flows through the superconducting loop, 

causing a persistent current J to be generated. Induced current contributes to Ia while subtracting 

from Ib. When current waves pass through the junctions, their phases shift by δa and δb. That is 

Ia = I0 Sin δa 

Ib = I0 Sin δb 

Where I0 denotes the maximum permissible current via the junction. Magnetic flux is quantized as 

it passes through a superconducting loop. As a result, after traveling through the junctions, there 

is interference between Ia and Ib. When a magnetic moment is maintained in a loop containing a 

Josephson junction, an emf is induced in the loop, causing a current to be induced at a frequency 
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determined by the Josephson equations. To calculate the magnetic moment of a sample, the SQUID 

monitors changes in currents or frequency. For our measurement, we employed a Quantum Design 

made magnetic property measurement system (MPMS) XL-7 SQUID magnetometer. 

2.2.9. Electrochemical characterizations 

Different electrochemical characterizations are used to evaluate an electrode material's 

electrochemical charge storage performance. Among them, Cyclic Voltammetry (CV), 

Galvanostatic Charge Discharge (GCD), and Electrochemical Impedance Spectroscopy (EIS) are 

principal. These three characterizations can be carried out in both three-electrode and two-

electrode modes. The 3-electrode mode is used to assess the efficiency of electrochemical charge 

storage. The 2-electrode mode, on the other hand, is used to characterize the performance of a two-

electrode supercapacitor device. An electrochemical workstation equipped with hardware to 

precisely control and measure potential and current can be used to perform both 3-electrode and 

2-electrode characterizations. Furthermore, in order to perform EIS, the workstation must be 

equipped with hardware capable of controlling the frequency of an AC signal across a large range 

(0.01 Hz to 105 Hz). 

As the name implies, there are three electrodes in 3-electrode mode. The working electrode (WE) 

is the electrode to which the voltage is supplied with respect to the reference electrode (RE) and 

the current is measured with respect to the the counter electrode (CE). The WE is formed of inert 

material that does not participate in the electrochemical reaction, such as gold, platinum, or glassy 

carbon. The material (active material) whose electrochemical performance must be assessed is 

coated on the surface of WE. In these circumstances, the WE's covered surface acts as an active 

area for the electrochemical reaction. 

The WE in the majority of our tests has been represented by glassy carbon rods. The circular flat 

end of the rod is polished with fine emery paper and repeatedly rinsed before being coated with 

the active substance. The rods are then vacuum-dried after that. The round flat end of the dried 

rods is kept open by wrapping them with Teflon tape. The sidewall of the rod is encapsulated by 

teflon tape. The active substance is then dropped onto the flat circular end. This is accomplished 

by mixing 85 weight percent active substance, 10 weight percent carbon black, and 5 weight 

percent polyvinylidene fluoride (PVDF) in a solvent called N-Methyl-2-pyrrolidone (NMP). Drop 
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casting involves using this slurry. Here, PVDF is utilised as a binder while carbon black is utilized 

as a conductive addition [25]. The coated slurry is dried on the rods after drop-casting by keeping 

them in a vacuum at 65 ºC for three hours. On the flat end of the rod, the active material forms a 

thin coating as a result. After and before deposition, the rods were weighed. The mass of the 

deposition material can be calculated from the difference in masses. The counter electrode (CE) is 

an inert conductor that is often constructed of platinum. Between CE and WE, a current is present. 

Fig. 2.3a depicts the platinum counter electrode we utilised in our investigation, which was 1 cm 

by 1 cm in size. The third and final electrode used for measuring the potential of the WE is the 

reference electrode (RE). 

 

 

 

 

 

 

 

 

 

 

 

 

 

During the electrochemical process, RE should be able to maintain a steady voltage and chemically 

stable. Saturated Calomel Electrode (SCE), Standard Hydrogen Electrode (SHE), and other REs 

Fig. 2.3 Photo of the (a) CE (b) RE (c) electrochemical cell and (d) Corrtest CSC-313 

electrochemical work station. 
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are examples of different REs. All of the electrochemical measurements were performed using 

Ag/AgCl electrodes in saturated KCl (Fig. 2.3b). With regard to SHE, it keeps a steady potential 

of 0.197 V.  

Equation states that a redox reaction in the RE produces high stability in the potential value. 

AgCl(s) + e- ↔ Ag(s) + Cl- 

As seen in Fig. 2.3c [26], these three electrodes are each connected to the appropriate terminals of 

the electrochemical workstation before being kept submerged in an electrolyte solution to conduct 

the tests. For all electrochemical measurements, we employed the Corrtest CS313 electrochemical 

workstation. Fig. 2.3d displays a photograph of the workstation. The WE is linked to the device's 

positive terminal while the CE and RE are connected to the negative terminal to complete the 2-

electrode measurement. 
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CHAPTER 3 

 

MnFe2O4 DECORATED REDUCED GRAPHENE OXIDE 

HETEROSTRUCTURES: NANOPHOTOCATALYST FOR 

METHYLENE BLUE DYE DEGRADATION 
 

In this chapter, the photocatalytic degradation of methylene blue dye (MB) has been investigated 

using bare manganese ferrite (MnFe2O4) nanoparticles and MnFe2O4 nanoparticles-decorated 

reduced graphene oxide heterostructures (MnFe2O4/rGO) under ultra-violet irradiation. MB 

degraded by 84% in the presence of MnFe2O4 after UV irradiation of 290 minutes, while 97% of it 

degraded in merely 60 minutes in the case of MnFe2O4/rGO heterostructures. This is further 

confirmed by the well-fitted Langmuir-Hinshelwood Kinetics equation. A possible mechanism of 

enhanced photocatalytic activity is also proposed. 
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3.1. Introduction  

One of the major environmental concerns in pollution control is the removal of hazardous materials 

from water resources. The pollution of water resources by industrial effluents containing toxic dyes 

like, Congo red, Methyl orange, Methyele Blue etc. have been a serious problem to the human 

health and environment. Most of the dyes are harmful due to the high toxicity and carcinogenicity 

from their non-biodegradable aromatic structure [1]. Therefore, to control the pollution of water, 

elimination of these dyes from water is of utmost importance. Several methods and technologies 

have been developed to remove such organic dyes which include membrane treatment [2], 

adsorption [3], electrochemical [4], biological method [5], ion-exchange method [6], photocatalysis 

[7], etc. Among all these methods, photocatalysis has gained a huge interest in last few decades due 

to its low cost and simple execution [8]. Photocatalytic water treatment is a well-known advanced 

oxidation process in which the photocatalyst material with the production of electron-hole pair upon 

the irradiation with light, mineralize complex organic compound to mainly CO2, H2O, and other 

non-harmful inorganic materials [9]. 

Nowadays, spinel ferrite magnetic nanoparticles (with formula MFe2O4: M =Zn, Co, Mn, Ni, etc.) 

have emerged as potential candidates for various applications such as energy storage, pollution 

control, drug delivery etc. [10-12], due to their excellent catalytic and magnetic properties and ease 

of fabrication [13-14]. Several different types of magnetic ferrites such as copper ferrite (CuFe2O4) 

[15], cobalt ferrite (CoFe2O4) [16] and manganese ferrite (MnFe2O4) [17] have been reported to 

exhibit excellent catalytic and photocatalytic activity. The spinel ferrites have a relatively narrow 

band gap (∼2.0 eV) which makes them suitable photocatalyst candidates for degradation processes 

[18]. In addition, they can be easily separated from the polluted aqueous solution or reaction system 

with the application of an external magnetic field which has the added advantage of its repetitive 

use which is of great interest in wastewater management.  

Among all spinel ferrites, MnFe2O4 has attracted huge attention for application in pollution control 

because of its low cost, nontoxicity, and high chemical stability [19]. In the case of photocatalytic 

degradation, MnFe2O4 faces a major drawback as it agglomerates during synthesis due to the 

magnetic interaction which can result in a decrease of the active surface area and hence the 

degradation efficiency [20]. To address this problem, surface alteration of these nanomaterials with 

planar sheet-like structures such as graphene which hinders their agglomeration, has become a 
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popular method for achieving better photocatalytic performance [21]. In the field of material 

science, sp2 hybridized two-dimensional carbon material: Graphene has opened up much promising 

application because of its high specific surface area, excellent conductivity, high chemical, and 

thermal stability and structural flexibility [22-23]. Also, the rapid recombination rate of 

photogenerated carriers in photocatalyst material is one of the main reasons for poor photocatalytic 

performance [24]. But it is possible to reduce this rate of recombination in MnFe2O4 by coupling it 

with metal like graphene as it has the excellent ability as an electron acceptor. Many reports have 

shown that Graphene has been extensively used as a support material for catalysts for achieving 

improved efficiency [23,25]. 

In this present study, we address the synthesis of MnFe2O4 nanoparticle and its composite 

heterostructure with reduced graphene oxide (rGO) for the efficient removal of cationic pollutant 

dye Methylene blue (MB) from the aqueous medium. MnFe2O4 was synthesized by simple co-

precipitation method and GO was synthesized by Hummer’s method which was further reduced by 

hydrazine hydrate. The results showed that rGO plays an important role to enhance the 

photocatalytic activity of MnFe2O4 by suppressing the agglomeration of nanoparticles and electron-

hole recombination. Photodegradation efficiency of the experimentally synthesized materials was 

evaluated by pseudo-first-order kinetics, which showed impressively higher reaction rate of the 

composite heterostructure than that of bare MnFe2O4 nanoparticles.  The possible mechanism of 

improved catalytic efficiency due to the incorporation of rGO is also explored. 

 

3.2. Experimental 

3.2.1. Materials 

Chemicals used for this experiment are Natural Graphite flakes, Sodium Nitrate (NaNO3), 

Manganese chloride tetrahydrate (MnCl2.4H2O, ≥99%), ferric chloride hexahydrate (FeCl3.6H2O, 

≥99%), sodium hydroxide (NaOH), potassium permanganate (KMnO4, 99.9%), hydrogen peroxide 

(H2O2, 30%), sulfuric acid (H2SO4, 98%), hydrochloric acid (HCl, 37%), and nitric acid 

(HNO3,63%). Methylene blue (MB, C16H18ClN3S.3H2O) was used as model dye substance for 

photocatalytic degradation. All the chemicals were purchased from Sigma-Aldrich, India. 
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Throughout the experiment, every material was used without any further purification. Deionized 

water was used throughout the study. 

3.2.2. Synthesis of Graphene oxide (GO) 

Graphene oxide (GO) was synthesized by the Hummer’s method with slight modification [26]. In 

brief 2g of Graphite powder and 2g of NaNO3 were mixed in 90 ml H2SO4. The mixture was stirred 

in a beaker keeping in an ice bath under a controlled temperature between 5-15 ᴏC. After three hours 

of continuous stirring 10gm of KMnO4 was added to oxidize the graphite powder to graphitic oxide 

in a controlled way so that the temperature remained under 15ᴏC. After one hour of stirring with 

added KMnO4, 90 ml water was added to the solution and as a result, huge amount of heat energy 

was developed which helped to separate graphitic oxide layers into Graphene Oxide. At last, the 

reaction was terminated by adding Hydrogen Peroxide (H2O2). Graphene Oxide solution was 

washed several times with water and ethanol and finally dried at 60 ᴏC. 

3.2.3. Synthesis of MnFe2O4/rGO heterostructure 

Graphite oxide (GO), synthesized by the modified Hummer's method was used for the synthesis of 

reduced graphene oxide (rGO). Dark brown colored GO (100mg) was dispersed with deionized 

water (200 ml) in a beaker. The suspension was subjected to ultrasonication for about 1 h. As a 

result of ultrasonication, a light brown colored, homogeneous dispersion of GO was obtained. For 

the reduction of graphite oxide to graphene (rGO), 90 ml of hydrazine solution and 50 ml of 

ammonia solution were added to the homogeneous dispersion of GO and the beaker containing 

reaction mixture was placed again for sonication for another 10 h. The reaction mixture was then 

stirred and heated (at 90 ᴏC) for 1 h. Finally, a black colored stable reduced graphene oxide solution 

was obtained. A part of that reduced graphene oxide solution was further used for the synthesis of 

nanocomposites with MnFe2O4 and remaining part was separated, washed and dried for further 

characterizations. 

For the preparation of MnFe2O4/rGO heterostructure, MnFe2O4 was prepared by a modified co-

precipitation method according to the previous report with slight modification [27]. Firstly 

MnCl2.4H2O and FeCl3.6H2O were dissolved in prepared rGO solution with a molar ratio of 1:2 
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(Mn: Fe). The mixed solution was then constantly stirred using a magnetic stirrer and heated to 80 

ᴏC. Next, 20 ml of 0.5 M NaOH solution was added dropwise to the mixture solution. When the pH 

of the solution reached to 10.5, the colour changed immediately from orange to dark brown, which 

indicated the formation of composite nanoparticles. The reaction mixture was then kept at a 

constant temperature of about 80ᴏC for 1 h. After that, reaction was terminated and cooled to room 

temperature. The product, namely, the MnFe2O4/rGO nanocomposite, was separated from the 

solution by an external magnetic field and washed several times with deionized water and acetone. 

The separated material was finally dried at 60 ᴏC and was used for characterization and application. 

For the purpose of comparison, bare particles of MnFe2O4 were also synthesized using the same 

procedure as above using deionized water without adding the rGO solution. 

 

3.2.4. Characterization 

For the establishment of the crystal phase, prepared samples were characterized by XRD. The XRD 

patterns of the as-prepared samples were obtained by Bruker D8 advanced Diffractometer, using 

CuKα (λ=1.54059 Å) radiation with a step size of 0.0199 in the range between 10 and 75 degrees. 

The external surface morphologies of the as-prepared samples were analyzed by Field emission 

SEM (FEI INSPECT F50) at an operating voltage 20 kV. Prior to SEM characterization samples 

were platinum coated in vacuum. TEM images were obtained using Transmission Electron 

Microscope (JEOL ER) with operating voltage 20 kV. 

Raman spectroscopic measurements were done using a Raman Microscope (HORIBA, Lab RAM, 

HR800) at room temperature over a range of 500-3000 cm-1. FTIR spectra were recorded at room 

temperature by a Perkin-Elmer FTIR spectrum RXI spectrometer in the range 500-4000 cm-1 in 

transmittance mode. For FTIR measurement, pallets were prepared by mixing the samples with 

KBr powder homogeneously. The background was corrected by a reference of KBr pellets. 

Magnetic studies were performed in a SQUID. For the study of photocatalysis, we used a UV lamp 

as the UV light source, the aqueous solution of MB as the pollutant substance, and the synthesized 

MnFe2O4 nanoparticles and MnFe2O/rGO composites as the photocatalyst materials. For measuring 

the concentration of MB solution, UV-Vis absorption spectra were recorded with a Shimadzu, UV-

1800 spectrophotometer. Photoluminescence (PL) spectra were recorded on a Perkin Elmer 
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Spectrofluoimeter with model LS55 using a quartz cuvette of 1 cm path length. For PL 

measurements samples were dispersed in water. 

 

3.2.5. Photocatalysis Experiment: 

The photocatalytic activity of the prepared samples was investigated by the degradation of 10 mg/l 

(10 ppm) Methylene blue (MB) aqueous solution. MB shows blue colour in water and absorbs in 

the visible region at 612 and 664 nm. All the experiments were performed under the same 

atmospheric condition. The photocatalytic activities of the catalysts were tested using UV-Vis 

spectroscopy under the irradiation of UV lamp (λ =365 nm, intensity = 40 W) as a light source. In 

each photocatalytic degradation experiment, 0.03 g of the photocatalyst was added to a 100 ml 

solution of MB (10 mg/l). Before starting the UV irradiation, the reaction mixture was stirred for 

60 min in the dark in order to reach the adsorption equilibrium between MB and the catalyst. After 

that, each time at a predefined time interval of irradiation, 5 ml aliquots were withdrawn and 

centrifuged to remove the catalyst. 

After removing the catalyst, the concentrations of the solutions were analyzed using quartz cuvettes 

on a UV-Vis spectrophotometer in the absorption band (664 nm) with distilled water as the 

reference medium. The schematic representation of the whole photocatalytic test process has been 

presented in Fig. 3.1.  

The percentage of degradation was calculated by the following equation (1) [4,17,18]  

 Percentage of degradation (%)=
C0- Ct

C0
 × 100                                                (1)  

where C0 stands for the initial concentration after the equilibrium and Ct  stands for the changed 

concentration at any desired time interval t.  
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3.3. Results and discussion: 

3.3.1. XRD 

The XRD patterns recorded for as prepared rGO, MnFe2O4 and MnFe2O4/rGO composite particles 

are shown in Fig. 3.2a. In case of rGO, two characteristic peaks of rGO can be seen at 2θ =25.2 ᴏ 

and 42.3ᴏ corresponding to the crystal planes (002) and (100) respectively, which is consistent with 

the reported values [28]. 

All major diffraction peaks of MnFe2O4 are found to be related to the single-phase cubic spinel 

structure (JCPDS data no-74-2403). The peaks corresponding to the 2θ values of 30.2ᴏ, 35.5ᴏ, 43.1ᴏ, 

57.2ᴏ, 62.7ᴏ matches with diffractions planes of (220), (311), (400), (511) and (440) respectively 

[29, 30]. The MnFe2O4/rGO composite sample displays similar XRD pattern but with peaks of 

broader width which indicates the decrease in crystallite size of MnFe2O4 particles with the 

introduction of rGO. No characteristic peak of rGO was observed in the XRD pattern of the 

composite particles. This may be due to the permeation of MnFe2O4 particles into the reduced 

graphene oxide layers consequently separating them [12, 30]. The comparatively higher peak 

intensities indicate that both MnFe2O4, as well as composite particles, are crystalline in nature. The 

mean crystallite size of the nanoparticles was calculated from the XRD pattern corresponding to 

the (311) plane using the Debye-Scherrer equation (2) [8]: 

D =
Kλ

βcosθ
          (2) 

Fig. 3.1. Schematic representation of the process of photocatalysis experiment. 
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where D is the average crystallite size of the nanoparticles, K is a dimensionless shape factor (~0.9), 

λ is the wavelength of the incident X-ray and β is the full width half maximum (FWHM) of the 

(311) diffraction peak corresponding to the Bragg angle θ. The average crystallite size of MnFe2O4 

and composite particles were calculated to be 21.32 and 17.61 nm respectively. This decreased size 

can be attributed to the functional groups of graphene sheets which effectively restrict the size of 

the nanoparticle [31].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.2. (a) XRD pattern of rGO, MnFe2O4, and MnFe2O4/rGO. SEM image of (b) MnFe2O4 

nanoparticles and (c) of MnFe2O4/rGO heterostructure. (d)EDAX spectrum and element mapping of 

MnFe2O4/rGO composite (Please note: carbon contrast region has gone to outer SEM region as sample 

was mounted on carbon tape). 



  Chapter 3 
 

Ph.D Thesis: Bidisha Mandal, Jadavpur University, Feb. 2024 69 

 

3.3.2.  Morphological and Elemental composition study: 

The surface morphology and structure of the prepared samples were further analyzed by FE-SEM 

and TEM. The FE-SEM image of MnFe2O4 nanoparticles as shown in Fig. 3.2b clearly depicts 

serious agglomeration of bare nanoparticles. The agglomeration may have been produced due to 

the method of preparation and possible magnetic interaction between the particles. Fig. 3.2c shows 

the FE-SEM image of the nanocomposite, which shows sphere-like MnFe2O4 particles with the 

formation of clusters well attached on reduced graphene oxide sheets. It can be also inferred that 

the rGO sheet reduces agglomeration of nanoparticles effectively which is also confirmed from the 

TEM image of the composite as shown in Fig. 3.3a,b. The inset of Fig. 3.3b shows the 

corresponding high-resolution TEM image of the MnFe2O4/rGO composite depicting lattice fringes 

with interlayer distances of 0.25 nm and 0.30 nm which can be attributed to the (311) and (220) 

planes respectively of MnFe2O4 cubic spinel structure. In addition, the EDS spectrum and elemental 

mapping of MnFe2O4/rGO composite confirms the presence of Mn along with Fe, C and O (Fig. 

3.2d). All these studies justify the successful incorporation of MnFe2O4 nanoparticles into rGO 

layers and hence the formation of MnFe2O4/rGO heterostructure.  

3.3.3. Spectroscopic study: 

Raman spectroscopy is one of the most important techniques to study the irregularity in sp2 carbon 

material and to investigate the structural property of the nanomaterials. This spectroscopy is a 

vibrational technique which is intenesely sensitive to the geomtric structure molucular bonding. 

Fig. 3.3c shows the Raman spectra of bare rGO and MnFe2O4/rGO composite. The positions of the 

D and G bands of rGO are found at 1331 cm-1 and 1584 cm-1 respectively. The peak intensities of 

D and G band are symbolized by ID and IG respectively. It is well known that D band is associated 

with the existence of defects and disorderliness in graphene lattice structure and that defects are 

associated with sp3 defects, grain boundary, vacancy sites etc.  G bands are ascribed to the vibration 

of the sp2-hybridized carbon atoms in the graphitic structure and this band is the characteristic of 

all sp2 carbon system [30,32,33]. The degree of graphitization i.e. the order of graphene structuring 

is defined by the ratio of the intensity (ID/IG), which is found approximately as 1.22 and 1.26 for 

rGO and MnFe2O4/rGO respectively. The increased ID/IG ratio of the composite material compared 

to bare rGO may be due to the introduction of structural defects during the formation of the 
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composite. These defects can help to inhibit the aggregation of the magnetic MnFe2O4 nanoparticles 

and act as active sites during the photocatalytic degradation of the dye. In the Raman spectrum of 

MnFe2O4/rGO, an additional peak near 623 cm-1 indicates the formation of MnFe2O4 [34]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The FTIR spectra of the as-synthesized samples were carried out to investigate the functional 

groups of rGO and MnFe2O4/rGO. Fig. 3.3d shows the FTIR spectra of rGO and the MnFe2O4/rGO 

nanocomposite. The spectrum of rGO showed the absorption peak at 1570 cm-1 which can be 

attributed to the C=C of the graphene sheets and the absorption peak at 1223 cm-1 is due to the C-

Fig. 3.3(a).  TEM image of MnFe2O4/rGO composite, (b) corresponding higher magnification 

TEM image. The inset is a high-resolution image showing lattice fringes, (c) Raman spectra of 

rGO and MnFe2O4/rGO, and (d) FTIR spectra of rGO and MnFe2O4/rGO composite. 
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OH stretching [35]. After the introduction of MnFe2O4 in rGO sheets, two   peak appeared at 472 

and 546 cm-1 which are related to intrinsic stretching vibration of the metal oxygen at the octahedral 

and tetrahedral sites respectively of spinel MnFe2O4 [36].  This gives the confirmation of successful 

formation of MnFe2O4/rGO nanocomposite. 

 

3.3.4. Magnetic property study: 

Magnetic measurements were carried out for the as-synthesized bare MnFe2O4 and MnFe2O4/rGO 

using a superconducting quantum interference device (SQUID). Fig. 3.4a shows the plot of 

magnetization versus applied magnetic field (M-H) corresponding to the MnFe2O4 nanoparticles 

and the heterostructure at 300 K measured in the field range of –50 to +50 kOe. Both M-H curves 

show negligible remanence (Mr) and coercivity (Hc) which confirms the superparamagnetic nature 

of both the MnFe2O4 nanoparticles and the MnFe2O4/rGO heterostructures at room temperature 

[37]. The saturation magnetization (Ms) values of MnFe2O4 and MnFe2O4/rGO heterostructures are 

found to be 41.0 and 37.19 emu/g respectively at 300 K. 

The reduced Ms value of MnFe2O4/rGO is due to the introduction of the non-magnetic rGO into the 

MnFe2O4. Also, the Ms value of MnFe2O4/rGO heterostructure increases with decreasing 

temperature (inset of Fig 3a) which can be ascribed to the thermal effects and hence blocking of the 

spins of single domain particles at low temperatures [19]. Fig. 3.4b shows the magnetization versus 

temperature (M-T) plot of the MnFe2O4/rGO heterostructure under zero field-cooled (ZFC) and 

field-cooled (FC) conditions measured at 300 Oe field. The ZFC curve has its maximum vaue at 

98.5 K, which is an indicative of the blocking temperature. In addition, both the FC and ZFC curves 

merge at 255 K, much below the room temperature confirming the superparamagnetic nature of the 

heterostructure at room temperature. Inset of Fig. 3.4b shows the separation of the MnFe2O4/rGO 

particles from the solution phase using an external magnetic field. Thus, the obtained information 

about the magnetic behavior of MnFe2O4 and its rGO heterostructure is indeed useful in the 

magnetical separation of these photocatalysts after the dye degradation process for its further re-

use. 
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3.4. Study of photocatalytic degradation: 

The photocatalytic degradation of methylene blue (MB) dye as a model pollutant was investigated 

under UV light in the presence of MnFe2O4 and MnFe2O4/rGO heterostructure as photocatalysts. 

As the concentration of MB solution is proportional to its absorption of light, the degradation 

process was evaluated by monitoring the change in the absorption spectrum of MB in aqueous 

solution with the help of a UV-Vis spectrophotometer. In a typical absorption spectrum of MB, 

there is a high monomeric absorption band corresponding to the wavelength at ~ 662 nm which 

corresponds to π-π* transition, and a broadened peak appears around 610 nm which is attributed to 

the 0-1 vibronic transition of methylene blue monomer [38]. In order to analyze the photocatalytic 

performance, highest intensity of the band at 662 nm has been considered. On addition of the 

photocatalysts in the MB solution, the absorbance intensity at 662 nm starts to decrease with time 

when the mixed solution was exposed to UV light irradiation. The UV-Vis absorption spectra of 

the MB dye solution in the presence of MnFe2O4 and MnFe2O4/rGO photocatalysts are shown in 

Fig. 3.5a,b respectively.  In the case of bare MnFe2O4 nanoparticles, it took 290 min to decrease 

Fig. 3.4. (a) M-H curves of MnFe2O4 nanoparticles and MnFe2O4/ rGO heterostructures 

measured at 300 K using a SQUID magnetometer. Inset shows the M-H curves of MnFe2O4/ 

rGO measured at 150K and 300K. (b) The zero field-cooled (ZFC) and field cooled (FC) curves 

of MnFe2O4/ rGO measured at an applied field of 300 Oe. Inset shows the magnetic separation 

of the MnFe2O4/ rGO particles from the solution phase using an external magnet. 



  Chapter 3 
 

Ph.D Thesis: Bidisha Mandal, Jadavpur University, Feb. 2024 73 

 

the absorbance of MB from 1.67 to 0.285. After the addition of MnFe2O4/rGO to the MB ye under 

UV-light irradiation, the absorbance intensity  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

gradually decreased from 1.67 to 0.05 within just 60 min and the final solution became almost 

colourless. Fig. 3.5c shows the photograph of the colour change of the MB solution in the presence 

of MnFe2O4/rGO for easy visualization of the decolourization. The dye degradation efficiency was 

calculated from equation (1). A comparison of the photocatalytic efficiency of MnFe2O4 and 

 
Fig. 3.5. Time-dependent absorption spectra of methylene blue solution in presence of the 

photocatalyst (a) MnFe2O4 nanoparticles and (b) MnFe2O4/rGO heterostructures, (c) Photograph 

showing the change in colour of the methylene blue solution in presence of MnFe2O4/rGO (d) The 

photocatalytic dye degradation efficiency of MnFe2O4 and MnFe2O4/rGO photocatalysts at different 

irradiation time. 
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MnFe2O4/rGO with respect to irradiation time is presented in Fig. 3.5d. In case of bare MnFe2O4 

nanoparticles, the MB dye degradation efficiency is found to be ~84% in 290 minutes time, whereas 

for MnFe2O4/rGO heterostructure, the degradation efficiency is found to be 97% in 60 minutes 

time. This result reveals that the MnFe2O4/rGO heterostructure shows excellent photocatalytic 

activity towards the degradation of MB compared to bare MnFe2O4. This improved photocatalytic 

performance with the introduction of rGO in MnFe2O4 mainly due to the decelerated recombination 

rate of photogenerated carriers which has been explained in details in the mechanism part (section 

3.3). Also, there is an increase in the effective surface area of the nanoparticles due to the decrease 

in crystallite size of MnFe2O4 on the introduction of rGO [39]. Thus, the reduced agglomeration of 

bare nanoparticles within the nanocomposite and at the same time increase in surface area of the 

nanocomposite which provides more active sites for the reaction is also responsible for this 

improved photocatalytic activity.  
 

3.4.1. Mechanism of the enhanced photocatalytic degradation of MnFe2O4/rGO photocatalyst 

Compared to bare MnFe2O4 nanoparticles, the MnFe2O4/rGO composite showed enhanced 

photocatalytic performance. This is mainly ascribed to the reduction of the recombination rate due 

to the presence of rGO. In case of bare MnFe2O4 nanoparticles, the photocatalytic reaction is 

initiated when a photoelectron is promoted from the valence band to the conduction band as a result 

of the UV light excitation. The excitation process creates a hole in the valence band. As a  result, 

electron and hole pair (e-/h+) is generated [40]. The photogenerated holes at the valence band then 

react with the water molecules to produce •OH radicals which are extremely powerful oxidizing 

agents. On the other hand, electrons in the conduction band are captured by the oxygen in order to 

generate anionic superoxide radical O2
• – which also takes part in the further oxidation process [41]. 

However, these electron-hole pairs created under UV light irradiation recombine rapidly, leaving a 

very small part of it available for the photocatalytic reaction and hence preventing the 

photocatalysis process [24]. 

The remarkable improvement in the photocatalytic activity of MnFe2O4/rGO heterostructure under 

UV light irradiation occurs mainly due to the presence of reduced graphene oxide as the 

photoinduced electrons from the conduction band of MnFe2O4 can move easily to the rGO since 

graphene has excellent electron accepting ability and unique electron transport properties [21, 23, 

42]. This process thus effectively prevents the direct recombination of electrons and holes and 
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consequently improve photodegradation [43,44]. The above-mentioned explanation can be 

understood from the following possible reaction mechanism [45]: 

MnFe2O4+ h (UV)→ MnFe2O4 (e+h)                                                                                (3) 

MnFe2O4 (e) + graphene → MnFe2O4 + graphene (e)                                                         (4) 

graphene (e) + O2 → O2
• ‒ + graphene                                                                                                                           (5) 

MnFe2O4 (h) + H2O → •OH + MnFe2O4                                                                              (6) 

MnFe2O4 (h) +O2
• ‒ + •OH + MB dye → H2O + CO2 + Other intermediates                      (7) 

Thus, the active radicals (O2•
–, •OH) and the holes finally oxidize the molecules of the MB dye 

leading to MB degradation. The basic mechanism of the photocatalytic degradation of the MB dye 

by the MnFe2O4/rGO particles is illustrated in Fig. 3.6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

To figure out the most active species and their role in the enhanced photodegradation process, a 

series of experiments with traditional scavengers were carried out [46]. Ethylenediaminetetracetic 

acid (EDTA), Isopropyl alcohol (IPA), Benzoquinone (BQ) were mixed separately with the dye 

solution as hole, hydroxyl radical and superoxide radical scavenger respectively. For each 

experiment, initial concentration of MB dye, dosage of the photocatalyst (MnFe2O4/rGO) and 

reaction time was kept fixed at 10 mg.l-1(100 ml), 0.03 g, and 60 min, respectively. A scavenger 

Fig. 3.6. Schematic representation of the photocatalytic degradation mechanism of 

MB dye with MnFe2O4/rGO heterostructure. 
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partially suppresses the photocatalytic oxidation reaction and consequently lowers the 

photodegradation process. The amount of reduced photodegradation efficiency due to scavenger, 

defines the contribution of the corresponding reactive oxidant species [47].  Fig. 7a depicts the 

effect of three scavengers on the photocatalytic degradation which shows degradation efficiency is 

97% with no scavenger. It can be observed that with isopropyl alcohol, degradation efficiency 

decreased to 48%. With addition of EDTA and BQ degradation efficiency was 85% and 89% 

respectively. Therefore, the result shows most of the holes reacts with water and produces •OH 

radical only few of them directly take part in the oxidation process of dye [43]. O2
•– has also very 

little contribution in direct oxidation process and it may further produce •OH via chain reaction 

[48]. So it is evident that •OH is the major active species which plays key role in the degradation 

process of MB dye rather than h+ and O2
• –. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Photoluminescence spectroscopy method was carried out to explore the transfer of electron and the 

recombination process of photogrnarated electron–hole pair in our prepared photocatalysts. Fig. 

7.b depicts PL emission spectra of MnFe2O4/rGO and MnFe2O4 at an excitation wavelength of 365 

nm. It can be observed that emission intensity of MnFe2O4 nanoparticle has been much lowered 

with the introduction of graphene which can be attributed to the inhibition of photogenerated 

electron and hole in the composite particle. Being a great electron acceptor graphene sheets can 

dramatically quench the fluorescence intensity MnFe2O4. Photogenerated electrons from 

Fig. 3.7. (a) Effect of scavengers on the photocatalytic degradation of MB over MnFe2O4/rGO 

under UV irradiation, (b)Photoluminescence (PL) spectra of pure MnFe2O4 and MnFe2O4/rGO (ex 

= 365 nm). 
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conduction band of exited MnFe2O4 were shifted to graphene sheet giving rise to enhanced charge 

separation and eventually accelerated photocatalytic activity [49].  

3.4.2. Kinetics of photodegradation: 

To understand the dye degradation better, we investigated degradation rates by fitting the 

experimentally obtained result with the pseudo-first-order kinetic equation which is derived from 

the Langmuir-Hinshelwood (L-H) kinetics model. According to this model, it is assumed that the 

adsorption of dye molecules on the surface of the catalyst particles takes place before the starting 

of the photocatalytic process [50]. 

The rate of reaction can be expressed as 

r=
dc

dt
=

 K C

1+K C
                                (8) 

where r (mg/min) is the rate of photodegradation of the dye material, C (mg/l) is the concentration 

of the dye, t is the photo-irradiation time,  (mg/min) is the rate constant of reaction and K (mg-1) 

is the adsorption coefficient of the reactant [50, 51]. If the initial concentration is very small, the 

above equation can be simplified to the following apparent pseudo first order equation. 

ln
C0

Ct
= K t=k1 t                                    (9) 

where k1 is the pseudo-first-order rate constant, C0 and Ct are the concentrations of the dye at the 

time ‘t’ and ‘t = 0’ respectively. The plot of ln (C0/Ct) vs irradiation time (t) as obtained from 

equation (9) for the MB dye degradation in presence of MnFe2O4 and MnFe2O4/rGO composite 

material is presented in Fig. 3.8a and 3.8b respectively, which depicts a linear relationship. The rate 

constant values were calculated from the slope of the straight line. The parameters of the dye 

degradation kinetics such as correlation coefficient (R2), the first-order rate constant (k1) and best 

fit linear equation, etc. corresponding to MnFe2O4 and MnFe2O4/rGO photocatalyst as obtained 

from the pseudo-first-order kinetic model is presented in Table 3.1. 

 

Table 3.1. Fitting Parameters calculated from pseudo-first-order kinetics model [50]. 

 

Catalyst k1 (min-1) R2 Linear equation 

MnFe2O4 0.006 0.989 Y= 0.006X - 0.021 

MnFe2O4/rGO 0.0586 0.983 Y= 0.586X - 0.213 
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From Table 3.1, it is observed that the obtained R2 value is very close to 1 (>0.98) for both 

MnFe2O4and MnFe2O4/rGO photocatalyst. So, it can be concluded that the experimental data is 

well fitted with the modified expression of the Langmuir-Hinshelwood equation. The Pseudo-first-

order kinetics rate constant of the MnFe2O4/rGO composite material is 0.0586 min-1, which is 

almost 10 times faster than that of the bare MnFe2O4 nanoparticles which also confirms the higher 

photocatalytic efficiency of the MnFe2O4/rGO heterostructure [52]. 

3.4.3. Reusability: 

The consecutive usage of the photocatalyst has a determining role for the extended use of the 

photocatalyst in real time applications [53]. To investigate the reusability of the photocatalyst 

MnFe2O4/rGO nanocomposite, a four-run cyclic experiment was done for the photodegradation of 

MB (Fig. 3.9). During each run the photocatayst material was separated from the aqueous dye 

solution with the help of external magnet and was washed properly with distilled water and was 

further dried to use for the next cycle. After each run the degradation efficiency reduced slightly 

and finally reached from 97% to 88% after fourth run.  The result clearly exhibits that magnetically 

separable MnFe2O4/rGO nanocomposite have high stability in the degradation of MB dye in 

aqueous solutions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.8. Pseudo first order kinetics plot showing ln(C0/Ct) versus irradiation time for 

photocatalytic degradation of methylene blue with (a) MnFe2O4 and (b) MnFe2O4/rGO. 



  Chapter 3 
 

Ph.D Thesis: Bidisha Mandal, Jadavpur University, Feb. 2024 79 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.5. Conclusion: 

In this study, the photocatalytic performances of MnFe2O4 nanoparticles and MnFe2O4/rGO 

heterostructure synthesized using chemical co-precipitation method were investigated for 

methylene blue (MB) dye degradation. The XRD, FTIR, and Raman results confirmed the 

formation of cubic spinel MnFe2O4 and MnFe2O4/rGO composite particles. The SEM and HR-TEM 

images showed the formation of sphere-like MnFe2O4 nanoparticles well attached on the rGO 

nanosheets with reduced agglomeration compared to bare nanoparticles. The dye degraded by 84% 

in the presence of MnFe2O4 after UV light irradiation of 290 minutes, while 97% of it degraded in 

merely 60 minutes in case of MnFe2O4/rGO heterostructure. Also, the rate constant corresponding 

to the pseudo-first-order kinetics equation in case of the composite particles/heterostruture was 10 

times higher than that of the bare MnFe2O4 particles. To conclude, the cubic spinel MnFe2O4/rGO 

heterostrucures showed enhanced photocatalytic efficiency than the bare MnFe2O4 nanoparticles 

which can be used as an effective photocatalyst for MB dye degradation. Hydroxyl radical played 

the key role in the MB dye photodegradation process by MnFe2O4/rGO heterostructure.In addition, 

the superparamagnetic nature of this photocatalyst gives it an added advantage which makes it re-

Fig. 3.9. Recycling test run for the photodegradation of MB under UV irradiation over 

MnFe2O4/rGO. 
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usable further by magnetically separating it from the dye solution after the purification process. 

Further studies should be done for investigating its photocatalytic potential for degradation of other 

toxic industrial dyes. 
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CHAPTER 4 

 

SUPERCAPACITOR PERFORMANCE OF NITROGEN 

DOPED GRAPHENE SYNTHESIZED VIA DMF 

ASSISTED SINGLE-STEP SOLVOTHERMAL METHOD 

 

In this chapter, a single-step dimethylformamide (DMF) assisted solvothermally synthesized 

nitrogen-doped reduced graphene oxide (N-rGO) was prepared as a novel electrode material 

The highest specific capacitance of N-rGO was found to be 516 Fg-1 at a scan rate of 2 mVs-1 

along with good cyclic stability and stable coulombic efficiency. The electrochemical 

impedance spectroscopy study showed a typical capacitive behavior of the N-rGO and a faster 

frequency response with a relaxation time constant of 0.4 s. Thus, the synthesized N-rGO using 

this simple, cost-effective, environment-friendly method could be a potential candidate for high 

performance energy-storage applications 
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4.1. Introduction 

Today, the demand for a very fundamental requirement of mankind, energy is expected to 

increase significantly. The world energy assessment report estimates that consumption of 

global energy is going to reach about 27.6 terawatts by 2050 due to the population explosion 

and change in present lifestyle [1]. To achieve ever-increasing desired energy due to the fast 

gradual decrement of fossil fuel, global warming and pollution, researchers are forced to 

explore sustainable energy and efficient energy storage devices [2, 3]. One of the different 

energy storage systems, supercapacitors are drawing huge attention because of their high power 

density, environmental friendliness, long operating life and product safety [2, 4-6]. With 

respect to the process of charge storage and usage of the material for electrodes, supercapacitors 

are categorized mainly into two parts: electrical double-layer capacitors (EDLC) and pseudo-

capacitor. Generally, carbonaceous materials having excellent conductivity and large specific 

surface area are utilized as EDLC material in which the charge storage process occurs through 

the physical accumulation of charges electrostatically via non Faradaic process at the interfaces 

of electrode and electrolyte where there is no transfer of electrons. As this category is a surface 

process, it strongly depends on the electrode surface area which can be accessible to the 

electrolyte. On the contrary, redox operative metal oxides/sulfides/hydroxides including 

conductive polymer composite materials have been employed as electrode material for Pseudo 

capacitors in which charge storage arises due to rapid electrochemical Faradaic reactions [7-

11]. 

Graphene, a single atom thick sheet having a hexagonal honeycomb sp2-hybridized carbon 

atom network has been extensively used as EDLC material as it possesses good conductivity 

and a large surface area of approximately 2600 m2/g [12, 13]. By and large, graphene-based 

supercapacitors are effective to attain capacitance of 550 Fg-1 theoretically when the complete 

surface area is employed [14, 15]. In a practical situation, graphene electrode exhibits a specific 

capacitance of 130-200 Fg-1 which is considerably lower than that of the theoretical value as 

graphene have limitations in structure and surface properties [16, 17]. Particularly, due to π- π 

interactions, in chemically synthesized graphene, the adjacent sheets are likely to be restacked 

in the synthesis process associated with vigorous consequences like the extensive loss of 

effective surface area to be exposed to electrolyte ions thereby resulting in low specific 

capacitance [15, 18].  
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Also, that reduced capacitance arises from the hydrophobic nature of the pristine graphene, 

which limits the interaction of aqueous electrolyte ions with the electrode material surface [19]. 

One of the most effective ways to minimize the restacking is to incorporate heteroatoms on the 

graphene sheets by producing defects and further changing its electronic structure. Among 

various dopants, nitrogen has been extensively studied because it has an almost similar covalent 

radius as carbon and available valence electrons which can be used to form stable covalent 

bonds with carbon atoms and also due to the availability of abundant precursors [20, 21]. 

Incorporating N atoms successfully upgrade the electronic properties of graphene, particularly 

the supercapacitor performance as electrodes. Moreover, the doping of nitrogen with graphene 

can enhance the wettability which in turn can improve its accessibility of the electroactive 

surface area within electrolyte solution which may give rise to electrochemical performance 

[22]. 

To date, several techniques have been grown for the synthesis of nitrogen-doped graphene. 

Among them, some are direct synthesis methods like chemical vapour deposition (CVD) [23, 

24], segregation growth method [25], arc-discharge method [26],  and post-treatment synthesis 

procedures like hydrazine hydrate, plasma treatments [27] and heat treatment [28]. Most of 

these methods comprise the incorporation of nitrogen-containing precursors (polypyrrole, urea, 

ammonia, N2H4) during the doping process. In these cases, the toxicity of the corrosive, 

explosive, or hazardous nitrogen source (N2H4, NH3) and essential involvement of special 

sophisticated instruments along with required rigorous conditions such as high vacuum and 

high temperature have to be considered. Also, the involvement of several steps limits their 

application for large scale production. Therefore, it remains an important challenge for 

developing a simple, non-toxic, low-cost, large-scale production of heteroatom-doped 

graphene. However, to the best of our knowledge, only a little research has been done on this 

aspect. Recently some works have reported that a solvothermal method using N, N-

dimethylmethanamide (DMF) can be used to effectively reduce Graphene Oxide (GO) as well 

as to dope nitrogen into the Graphene network [29, 30].  

In this work, N doped graphene, with the help of graphene oxide has been prepared by a facile 

solvothermal method at a reaction temperature of 180 ºC, using DMF as a source of nitrogen 

as well as a reducing agent. Our preparation method for nitrogen-doped graphene is more 

advantageous than other existing methods as the usage of harmful chemicals has been removed 

by using DMF and it avoids the necessity of any kind of special instrument in the reduction 

process and doping. The electrochemical properties of prepared N-rGO have been carried out 
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using cyclic voltammetry (CV), Galvanostatic charge-discharge (GCD) and electrochemical 

impedance spectroscopy (EIS) using a conventional three-electrode system in an aqueous 1 M 

Na2SO4 electrolyte solution. The obtained EIS data of N-rGO was furthermore investigated 

with respect to complex capacitance and then the relaxation time constant was calculated. 

Relaxation time constant defines the charge discharge rate performance of the electrode 

material. The N-rGO material eliminates the trend of pristine graphene sheets to be restacked, 

consequently creating a porous network composed of graphene sheets that is capable to provide 

an adequate channel for transport of charges and abundant active sites for effective ion 

adsorption/desorption. 

4.2. Experimental details 

4.2.1 Materials 

For this experiment, chemicals used are Natural Graphite flakes, sulfuric acid (H2SO4, 98%), 

Sodium Nitrate (NaNO3), potassium permanganate (KMnO4, 99.9%), hydrogen peroxide 

(H2O2, 30%), and N, N-Dimethylformamide (DMF). All the chemicals were purchased from 

Sigma-Aldrich, India and have been used with no additional refinement purification. 

4.2.2 Synthesis of Graphene Oxide 

Graphene oxide was prepared by the modified Hummer’s method with minor modifications 

[31]. In a typical synthesis procedure, 2g of NaNO3 and 2g of graphite powder were mixed in 

100 ml of concentrated H2SO4. Then this solution in a beaker was kept under continuous 

stirring after placing it on an ice bath to control the temperature between 5-15ᴏC. Then after 3 

h of uninterrupted stirring, 10g of powdered KMnO4 was added to the mixture for oxidizing 

the graphite powder to graphitic oxide in a very controlled manner to make sure that the 

temperature remains under 15ᴏC throughout the addition. For this step, adequate amount of ice 

was provided while monitoring temperature of the system continuously. Then after 1 h of 

reaction, the ice bath was removed and 100 ml of double-distilled water was added very slowly 

to the brown coloured solution in stirring condition.  Consequently, due to an exothermic 

reaction, a large amount of heat energy was developed which helped in separating the layers of 

graphitic oxide to create graphene oxide (GO). At last, 10 ml of Hydrogen peroxide (H2O2) 

was added to the solution to terminate the reaction process. After that, the collected graphene 

oxide solution was washed several times with distilled water and ethanol, until the pH became 
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neutral. At last, GO was obtained through centrifugation of the suspension with an rpm of 4,000 

and was dried at 60 ᴏC. 

4.2.3 Synthesis of Nitrogen doped Graphene (N-rGO)  

Graphene Oxide was reduced and doped by nitrogen simultaneously in a single step 

solvothermal method with DMF. This is broadly used in the chemical industry as it is 

inexpensive and has high solvent power also can be used as the source of nitrogen. In this 

process, 150 mg of prepared GO was mixed with 60 ml of DMF and the solution was further 

sonicated. After 1 h of sonication, GO/DMF dispersion was shifted within the Teflon coated 

hydrothermal autoclave unit. The autoclave was then kept at the temperature of 180°C for 12 

h. Afterwards, the autoclave unit was kept to come down to the ambient temperature in a natural 

way. Finally, black coloured nitrogen-doped reduced graphene oxide (N-rGO) was dried after 

getting collected and purified a number of times with distilled water and ethanol. 

 

 

 

 

 

 

 

 

 

During the synthesis process when the DMF gets heated higher than its boiling point (153 oC), 

it can decompose into intermediate carbon monoxide (CO) and dimethylamine [NH(CH3)2] 

[32, 33]. It is well known that carbon monoxide is a strong reducing agent, which can 

effectively remove the oxygen from graphene oxide. Therefore, it is expected that graphene 

oxides can be reduced by the reducing agent (CO) from DMF to produce rGO sheets in large 

Fig. 4.1. Schematic diagram of the synthesis of nitrogen doped graphene (N-RGO). 
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quantities. Additionally, simultaneous bonding of dimethyleamine with rGO gives rise to N-

rGO. A schematic diagram of the synthesis process of N-rGO has been represented in Fig. 4.1. 

4.2.4. Material Characterization 

The X-ray powder diffraction (XRD) patterns for the samples were carried out by a Bruker D8 

advanced Diffractometer, equipped with Cu Kα (λ=1.54059Å) radiation in the range between 5 

and 75 degrees with a step size of 0.0199. The external surface morphologies of the as-prepared 

samples were analyzed by Field emission Scanning Electron Microscope (FEI INSPECT F50) 

operated at 10 kV. The Raman spectroscopy data were recorded using Raman Microscope 

(HORIBA, Lab RAM, HR800) at room temperature over a range of 500-2500cm-1. Fourier 

Transformed Infrared (FTIR) spectroscopy was performed at ambient temperature by a Perkin-

Elmer FTIR spectrum RXI spectrometer in transmittance mode in the range 500-4000cm-1. For 

FTIR measurement, samples were mixed with KBr powder and pressed into pallet form by 

applying hydraulic pressure. The background correction was done with respect to KBr pallets. 

The elemental composition of as prepared N-rGO was investigated by X-ray photoelectron 

spectroscopy (XPS; Omicron, serial no:0571). For XPS measurement, an aqueous dispersion 

solution of N-rGO was prepared and spin-coated onto silicon substrate followed by air drying. 

4.2.5. Electrochemical characterization  

The energy storage performance of N-rGO was investigated in a traditional three-electrode 

system. The investigation was carried out through cyclic voltammetry (CV), Galvanostatic 

charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) techniques on a 

multichannel electrochemical station (CS313 CorrTest, China). Three electrode system is 

composed of a working electrode, counter electrode and reference electrode. For the 

preparation of the working electrode, 85% active material N-rGO, 10% conducting additive 

acetylene black and 5% binder PVDF-HFP were mixed in N-Methyl Pyrrolidine (NMP) 

solvent to form a slurry. After that, the slurry was layered onto Teflon-coated graphite rod. 

This was then dried keeping at 60 ºC (in a vacuum oven). The value of the loaded mass of the 

active material was 0.8 mg. Platinum (Pt) electrode (1cm × 1cm) was used as the counter 

electrode and for the reference electrode, Ag/AgCl in saturated KCl solution was employed. 

As an electrolyte, a 1 M Na2SO4 aqueous solution was used.  
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Calculation of the specific capacitance (Cm) is performed from CV curves using the following 

formula 

Cm = 
𝑖

2𝑚𝑣
                                                                    (1) 

Where m stands for the mass of the active material and 𝑣 is the scan rate. The value of  𝑖 is 

attained by calculating the bound surface area of the CV curve by applying the following 

equation 

𝑖 =
∫ 𝑖(𝑣)𝑑𝑣

𝑣𝑐
𝑣𝑎

𝑣𝑐−𝑣𝑎
                                                       (2) 

Where, 𝑣𝑐 and𝑣𝑎 indicate the lowest and highest end value respectively of the potential range.  

The value specific capacitance can also be obtained from GCD curves using the following 

formula: 

Cm = 
𝑖

(−
𝑑𝑣

𝑑𝑡
)
                                                                     (3) 

Here 𝑖 stands for the applied current density in Ag-1 and,  
𝑑𝑣

𝑑𝑡
  is the average slope of the discharge 

curve.  

4.3. Results and discussions: 

4.3.1 XRD 

The structural characterization of graphite powder, as prepared graphene oxide (GO) and N-

rGO were investigated by powder X-ray diffraction (XRD) method and presented in Fig. 4.2.  

The XRD spectrum of Pristine graphite (Inset Fig. 4.2 ) exhibits a strong intense peak at around 

26.33° ascribed to (002) plane having an interlayer spacing of 0.34 nm. After the process of 

chemical oxidation with KMnO4, exfoliated GO exhibits a prominent peak at 11.63° associated 

with the (002) plane having an interlayer spacing of 0.76 nm. 

In the XRD spectrum of GO, the appearance of the peak at 11.63° and the vanishing of the 

peak at 26.33° show the successful transformation of graphite to graphene oxide [19]. The 

greater interlayer spacing for GO is associated with the introduction of different oxygenated 

functional groups like carboxylic, carbonyl, hydroxyl, epoxy etc. at the time of oxidation. 

Finally, for N- rGO, two diffraction peaks are observed at 25.16° and 43.12° which arise due 

to the (002) and (100) planes respectively. The peak at 25.16° also indicates effective 

exfoliation and hence formation of multiple layers of graphene [19,20]. 
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In N-rGO, the small-angle peak at 11.63° got disappeared which indicates that graphene oxide 

is reduced effectively by the solvothermal process. 

4.3.2. SEM analysis 

The structural and morphological analysis of GO and the N-rGO was carried out by the high-

resolution scanning electron microscopy (SEM). Fig. 4.3a and 4.3b depict the representative 

SEM image of the GO which reveals classic exfoliated nanosheets with almost flat and smooth 

morphology with a number of stacked layers which happened due to the exfoliation followed 

by restacking during the synthesis process. Functionalization with nitrogen eliminated the 

restacking tendency of graphene sheets effectively as shown in Fig 4.3c,d. Furthermore, in the 

case of N-rGO, the sheets after exfoliation were arranged randomly and as a result, numerous 

crumpled layers were created which are connected. This change in morphology can be 

attributed to the doping of nitrogen which introduced high-density defects in the N-rGO surface 

leading to a fluffy structure in the solvothermal process. This kind of graphene structure having 

Fig. 4.2. XRD pattern of GO, N-rGO and Graphite powder (inset). 
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highly open porous surfaces tangled with each other is effective to construct electrode materials 

that can be highly accessible to the electrolyte solution which in turn provides adequate space 

to form EDLC [34, 35]. In addition, the corresponding energy dispersive X-ray (EDX) 

spectrum study performed on N-rGO as presented in Fig. 4.3e depicts the presence of C, N and 

O and gives confirmation about the successful incorporation of Nitrogen in graphene sheets. 

The presence of a very small amount of oxygen may be developed either from the oxygen 

incorporated with nitrogen or from an oxygen-containing functional group in graphene that 

could not be reduced fully by the solvothermal treatment [15]. 

 

 

 

 

 

 

 

 

4.3.3 Raman analysis  

Fig. 4.4a represents Raman spectra of as-prepared GO and N-rGO. Raman spectroscopy comes 

up with very useful information for graphene as this is very sensitive to carbonaceous material 

to investigate the structural property. In the Raman spectra, the characteristic D band is 

observed at 1337 cm-1 and 1329 cm-1 whereas the G band is noticed at 1591 cm-1 and 1585 cm-

1 for GO and  N-rGO  respectively. Usually, the D band is originated from the presence of 

disorderliness of carbon or defected mode of the carbonaceous materials, whereas the G band 

arises from the vibration related to the sp2-hybridized carbon atoms in the graphitic materials 

and is common to all sp2 carbon materials [21,31]. Compared to the Raman spectra of GO, N-

rGO exhibits a red shift of the G-band (6 cm-1) indicating restoration of sp2 graphitic domains 

in N-rGO during the process of solvothermal reduction [36]. 

Fig. 4.3. (a), (b) SEM image of GO and (c), (d) of N-rGO sheets at different magnification. 

(e) EDX spectrum of N-rGO. 
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The intensities for the peak of the D and G band are represented as ID and IG respectively. The 

order for the graphene structuring which is determined by the relative ratio of ID and IG (ID /IG) 

is associated with structural defects like boundaries, vacancies, disorders and the presence of 

heteroatoms. The (ID/IG) value is approximately 1.200 and 1.263 for GO and N-rGO 

respectively. The ratio of intensity in the case of the N-rGO compared to GO has slightly 

increased which may be due to thermally derived defects during the reduction process and 

introduction of the nitrogen atom in the graphene network [21, 22]. 

4.3.4. FTIR analysis 

The FTIR spectra of GO, and N-rGO have been represented in Fig. 4.4b. In the spectrum of 

GO, a broad band situated at around 3234 cm-1 is observed, which can be related to the O-H 

stretching vibration of water. Another two absorption peaks can be observed at 1740 and 1632 

cm-1 which are associated with C=O group stretching vibration and the skeletal vibrations from 

the un-oxidized graphitic network respectively. And the rest two absorption peaks at 1226 and 

1056 cm-1 appeared due to C-OH and C-O stretching vibrations respectively. All the mentioned 

peaks are characteristic peaks of GO which confirms the successful synthesis of GO [37, 38]. 

Contrarily, in the FTIR spectrum of N-rGO, the absorption peak at 3234 cm-1 got disappeared, 

which may be associated with the elimination of the OH group in the reduction process.  

Moreover, for the N-rGO, the disappearance of other absorption peaks due to oxygeneous 

groups confirms the successful reduction of GO in solvothermal treatment. Additionally, two 

absorption peaks can be observed at 1595 and 1210 cm-1, which may arise because of the bands 

of C=C and C–N respectively confirms the effective doping of Nitrogen into graphene [2,39]. 

4.3.5. XPS analysis 

The elemental composition and detailed configuration of nitrogen bonding of the synthesized 

N-rGO were additionally investigated by X-ray photoemission spectroscopy (XPS). As can be 

observed in Fig. 4.5a, the wide scanning spectra of the prepared N-rGO depicts the peak at 284 

eV which is associated with the binding energy related to C 1s electron orbit. Another peak at 

534 eV indicates the binding energy related to O 1s electron orbit. Also, it can be observed 

additional distinct existence of a peak in the region of 400 eV, which is correlated with the 

binding energy linked with N 1s electron orbit, establishing the successful incorporation of 

Nitrogen in the graphene network [25, 26]. 
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Furthermore, to rigorously investigate the specific configurations of bonding in N-rGO, the 

high-resolution spectra for N 1s and C 1s are obtained and represented in Fig 4.5b,c 

sequentially. The N 1s spectrum (Fig. 4.5b) was de-convoluted into three peaks centered at 

398.17, 399.77 and 400.45 eV are associated with the N-6 (pyridinic N), N-5 (pyrrolic N), and 

N-Q (graphitic N) respectively [22, 25, 40]. 

The schematic diagram Fig. 4.5d depicts the probable arrangements for N atoms bonding in 

N-rGO. The N-Q bonding indicates the N atom as a replacement of a Carbon atom in the 

honeycomb lattice. The N-6 bonding is related to the bond between two C atoms and one N at 

the border of the graphene lattice. Whereas, the N-5 indicates the N atom bonding situated in 

a five-membered ring structure [41]. Previous reports have shown pyrrolic N can produce a 

large number of active sites and extrinsic defects on the graphitic basal plane, which can 

increase the wettability of N-rGO in the electrolyte solution consequently improving mass-

transfer efficiency [22, 42]. While the N-6 and N-Q bonds are able to supply two electrons to 

the conductive π-system as they are connected with two and three sp2 Carbon atoms, 

respectively [43]. Both of those N atoms can provide one extra electron to the π-system, which 

is supposed to significantly improve the conductivity of graphene [15, 44, 45]. Additionally, 

the N-Q group of atoms can enhance its interactivity with the negatively charged ions in the 

electrolyte solution for the development of the electrical double layer, which is helpful for the 

enhancement of the capacitance [45]. Hence, this N-rGO material can be a good candidate to 

be an electrode for high-performance supercapacitor applications. 

Fig. 4.4. (a) Raman spectra of GO and N-rGO (b) FTIR spectra of GO and N-rGO. 
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Similarly, the C 1s spectrum (Fig. 4.5c) can be convoluted into three peaks, which are detected 

at 284.43, 285.20, and 287.19 eV respectively. The main peak at around 284.43 eV is associated 

with graphite-like sp2 C atoms constituting a graphitic lattice, from which it can be inferred 

that maximum carbon atoms are distributed in a honeycomb lattice. Another two weak peaks 

are detected at 285.20 and 287.19 eV corresponding to sp3 C atoms and the C-N group 

respectively [46]. In addition, the O 1s spectrum was fitted into two subpeaks situated at 

531.03, and 533.14 eV (Fig. 4.5e), which correspond to different oxygeneous functionalities 

such as C=O, and O=C-O, respectively [47]. It is to be considered that the presence of oxygen-

containing functional groups in N-rGO can reduce its conductivity and prevent ions from 

penetrating deep into its pore [48]. But they are advantageous for the capacitance value as it 

can enhance the hydrophilic nature facilitating the diffusion of ions on the electrode surface 

[49]; eventually making it smooth for ions for developing an electrochemical double layer 

which in turn increases the capacitance [48-50]. 

4.3.6. Electrochemical property analysis 

As discussed earlier in section 2.5, an investigation for the electrochemical performances of N-

rGO has been executed in a typical three-electrode system applying cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) 

method in 1M Na2SO4 aqueous electrolyte at room temperature. Fig. 4.6a displays all the CV 

curves for N- RGO at different scan rates varying from 2 to 100 mVs-1 in the potential window 

from – 0.2 to + 0.9 V. Shapes of all the CV curves of the N-rGO sheets-based electrode clearly 

depicts approximately ideal rectangular shape without any prominent visible redox peak 

indicating the characteristic of ideal electrical double layer capacitors (EDLC).  

It is worth noting that each of the CV curves persisted rectangular in shape without any 

significant change even for high scan rates of 100 mVs-1, which suggests that the electrode is 

highly stable in nature [22, 51]. The value of the specific capacitance at different scan rate of 

the synthesized material was calculated using equation (1) and its variation with scan rate has 

been presented in Fig. 4.6c. It can be noted that when the scanning rate increases, specific 

capacitance decreases which is associated with the movement of electrolyte ions through the 

electrode.  

In case of a low scan rate, ions can have sufficient time for reaching both inner as well as the 

outer surface of the electrode and it results in more accumulation of charges enhancing the 

specific capacitance. Whereas in the case of a high scan rate, for the ions, mobility is higher 



  Chapter 4 
                

Ph.D Thesis: Bidisha Mandal, Jadavpur University, Feb. 2024 99 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and as a consequence, they don’t get adequate time to access the inner surface area of the 

electrode which eventually decreases the amount of charge accumulation as well as 

capacitance.  From the calculated value, the highest specific capacitance of N-rGO is 516 Fg-1 

at 2 mVs-1. Our electrode material exhibited superior electrochemical performance to other 

reported results for Nitrogen doped graphene and almost reached the theoretical value of 

specific capacitance of pristine graphene. Table 4.1. has been presented to compare the value 

Fig. 4.5. XPS spectra of N-rGO sample showing the (a) whole spectra, (b) high-resolution N1s 

spectrum and (c) C1s spectrum of the N-rGO; (d) Schematic showing the possible locations for 

nitrogen incorporation into the carbon network.(e) O1s XPS spectra of N-rGO 
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of specific capacitance of our N-rGO material with other Nitrogen doped reduced graphene 

oxides in various electrolyte solutions which already have been reported in different literatures. 

Fig. 4.6b represents Galvanometric charge discharge (GCD) curves of N-rGO within the 

potential window from – 0.2V to + 0.9V for various current densities (3, 5, 7.5, and 10 Ag-1) 

with respect to the reference electrode, which is same as the CV measurement. The curves 

exhibit almost linear and symmetrical shapes in 1 M Na2SO4 electrolyte, and no prominent IR 

drop is visible in any curve which indicates good electrochemical reversibility and excellent 

transport of carrier inside the electrodes for the EDLCs. The highest calculated specific 

capacitance from GCD curves of N-rGO is 494.31 Fg-1 at 3Ag-1, as calculated from equation 

(3). It can also be observed that GCD curves have some trail, particularly at 3 Ag-1. This 

possibly happens as at very low current density, the ions can penetrate deep into active material 

and thus discharge mechanism becomes very sluggish which results in a trail in the GCD plot. 

In order to explore the long term cyclic stability of the prepared N-rGO for practical 

application, the cyclic charging discharging test was assessed within the potential window from 

– 0.2 to + 0.9V  for 5000 cycle at a constant current density 10 Ag-1. Fig. 4.7 displays the 

capacitance retention rate and coulombic efficiency of the N-rGO electrode as a function of the 

cycle numbers. Initially, the specific capacitance decreases to 97% of the starting value then  

Table 4.1. Electrochemical supercapacitor performances of the N-doped reduced graphene oxide 

electrodes prepared by different methods. 

 

Materials Synthesis process Electrolyte Specific 

capacitance 

Fg-1 

Scan rate/ 

Current 

density 

Ref. 

 

NRGO Microwave assisted 

hydrothermal 

method 

1 M H2SO4 233 25 mV/s [52] 
 

N-rGO Thermal expansion-

exfoliation 

0.5 M H2SO4 

1 M TEABF4 

234.3 

187.8 

5 mV/s 

5 mV/s 

[53] 

NRGO Hydrothermal 1 M H2SO4 
6 M KOH 

199 
179 

0.1 Ag-1 
0.1 Ag-1 

[54] 

NG Aerogel via vacuum 

filtration and freeze 

drying 

0.5 M H2SO4 455.4 1 Ag-1 [55] 

3D-Porous 

nitrogen 

doped 

graphene 

Thermal 

decomposition 

method 

6 M KOH 405 1 Ag-1 [50] 

N-rGO Solvothermal 

method 
1.0 M 

Na2SO4 
516 2 mV/s This 

work 
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starts to increase upto 750th cycle to the value of 105% of the starting value. After that specific 

capacitance started to decrease and then reached a value of 89% of the initial value after 5000 

GCD cycles which shows long time stability. The coulombic efficiency, η (%) is represented 

as [td /tc)×100] where, td (s) stands for the discharge time, and tc (s) is the charge time. In case 

of coulombic efficiency, it was found to be quite stable and almost 100% efficiency was 

observed through all the cycles with slight deviation. 

Such an outstanding electrochemical behavior of the as-prepared N-rGO electrode may be 

assigned to the introduction of nitrogen doping in graphene which provides the high specific 

area and active sites to allow efficient ion adsorption/desorption. In addition, Nitrogen doping 

in N-rGO, minimizes the level of agglomeration in graphene sheets and generates fluffy 

structure along with interconnected open pores consequently enhancing the wettability, which 

is advantageous for efficient charge transportation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6. Electrochemical performance of the prepared N-rGO in 1M Na2SO4 electrolyte (a) CV 

curves at different scan rates (b) Galvanostatic charge discharge curves at different current 

densities (c) the effect of increasing the scan rate on the specific capacitance. (d) Nyquist plot. 
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The electrochemical behavior of the N-rGO electrode and the function of the electrolyte was 

investigated by the EIS technique within the frequency span from 0.01 to 100 kHz with the 

perturbation voltage of 10 mV. Fig. 4.6d exhibits the Nyquist plot of the N-rGO. Based on the 

value of frequency, the observed Nyquist plot can be split up into three distinct parts, which 

are low, mid and high.  

In the case of low frequency, EIS data exhibit a steep rise of the imaginary impedance 

approaching 90° suggesting a good capacitive behavior with electrode stability [50, 56]. This 

can be ascribed to the good exposure between electrode and the electrolyte. In high-frequency 

domain, where the EIS curve intersects the Z' axis, gives the value of electrolyte resistance (Rs) 

which is close to 0.48 Ω. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, a small distorted semicircle with a diameter of 0.71 Ω in the high-frequency region 

can be observed and that can be associated with the charge transfer resistance (Rct). The Rct is 

ascribed to the total value of the electrode resistance, the electrolyte resistance, and the contact 

resistance between the electrode and the current collector [57]. 

Furthermore, complex capacitance calculations were conducted for better comprehension. The 

variation of the electrode capacitance with respect to frequency was carried out from EIS data, 

Fig. 4.7. Cyclic stability and Coulombic efficiency of N-rGO for 5000 cycles. 
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making use of the complex capacitance model [58] in which, the capacitance is represented as 

follows: 

C (ω) = C′(ω) - j C″(ω) 

where, Cˊ(ω) and C"(ω) are the real and imaginary parts of the capacitance  respectively and  

are stated as: 

C′ (ω)  = 
−𝑍"(𝜔)

𝜔∣𝑍(𝜔)∣2
 

C"(ω)  =  
𝑍ˊ(𝜔)

 𝜔∣𝑍(𝜔)∣2
 

Where ω indicates the angular frequency, 𝑍′(𝜔) and 𝑍"(𝜔) stand for the real part and the 

imaginary part of the impedance respectively, and the term  ∣ 𝑍(𝜔) ∣ represents to the modulus 

of impedance. This model is effective to investigate the qualitative study of the variation of 

capacitance in regard to frequency.  

Fig. 4.8a depicts the variation of the real part of capacitance [C′(ω)] with respect to frequency. 

The change of capacitance with the frequency represents the electrolyte ion penetration pattern 

inside the pores of active material at a specific frequency. 

 

 

 

 

 

 

 

 

 

 

 

 

In the lower frequency range, the electrolyte ions get enough time to reach deep down the inside 

surfaces of N-rGO and hence more charge storage occurs which results in an increment of 

C′(ω). On the contrary, in the higher frequency range, only outer surface of the electrode is 

accessible to the electrolyte ions within a short time interval which results in inadequate charge 

accumulation leading to a significant reduction in capacitance. Also, it can be observed that at 

excessively high frequencies, C′(ω) does not depend on the frequency and it acts like a resistor 

Fig. 4.8. (a) Behavior of the real specific capacitance of N-rGO as a function of 

frequency at 1M Na2SO4 solution. (b) The imaginary part of the complex capacitance C'' 

as a function of frequency. 
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[58]. Variation of C″(ω) with frequency has been represented in Fig. 4.8b which gives an 

additional information about the relaxation time constant (τo) as it passes through a maximum 

value at a frequency, f0. The values of the relaxation time constants are calculated by taking the 

inverse of f0 [59, 60]. τo is also associated with the time which is needed for the discharge of 

all the stored energy with an efficiency greater than 50% [61]. Materials having small 

relaxation are capable of delivering power rapidly and possess high power density [62].  The 

calculated value of τo in the case of our N-rGO electrode is about 0.4 s. Considering the fact, 

that τo essentially represents the minimum time needed for effectively delivering the stored 

energy, the calculated value for N-rGO indicates a satisfactory ability for quick delivery of 

high power. 

4.4. Conclusion  

In conclusion, we have used a facile single-step approach for the preparation of nitrogen-doped 

graphene using DMF which acts as a nitrogen source and reducing material at the same time. 

This method is advantageous over other conventional methods as it does not involve highly 

corrosive and toxic elements such as NH3 and is free from multiple complicated steps. EDX 

spectrum, FTIR and XPS confirmed the incorporation of nitrogen in graphene sheets. The 

electrode prepared from N-rGO exhibits excellent charge storing property with a specific 

capacitance of 516 Fg-1 at a scan rate of 2 mVs-1 in 1.0 M Na2SO4 aqueous electrolyte solution. 

Such remarkable electrochemical performance of our synthesized N-rGO can be ascribed to 

the interconnected, porous nanosheets with reduced restacking and hence highly available 

surface area, good conductivity and wettability. The EIS data for N-rGO depicted good 

capacitive behavior and corresponding relaxation time constant of 0.4 s signifying its faster 

response time. In addition, our electrode material was found to have good cyclic performance 

(89%) capacitance retention after 5000 cycles) and almost stable Coulombic efficiency. Thus, 

the N-doped graphene prepared using this single step method has the potential for its use in 

advanced energy storage applications.  
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 CHAPTER 5 

 

ENHANCED ELECTROCHEMICAL PROPERTIES 

OF MnFe2O4/REDUCED GRAPHENE OXIDE 

NANOCOMPOSITE WITH A POTENTIAL FOR 

SUPERCAPACITOR APPLICATION 

 
In this chapter, a single-step solvothermal method has been employed to synthesize MnFe2O4 

composite nanoparticles where graphene sheets have been incorporated into spherical, ultra-

small MnFe2O4 nanoparticles of size ~57 nm. When used as an electrochemical electrode, the 

MnFe2O4/rGO composite nanoparticles showed an enhanced specific capacitance of 253 Fg-1 

compared to 133 Fg-1 corresponding to the bare nanoparticles, at a current density of 10 Ag-1 

within the potential range of -0.3 to 1.2V. The unification of 2D graphene structure and 

MnFe2O4 nanoparticles leads to enhanced electrochemical performance and excellent cyclic 

stability of 96% (after 5000 cycles), providing a good strategy for improving future 

supercapacitor electrode materials. 
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5.1. Introduction 

With the severe problem of rapid urbanization and the increasing unavailability of fossil fuels, 

the development of sustainable energy storage systems to fulfill ever-increasing energy 

demands has become one of the highest concerns at present. Among various energy storage 

systems, supercapacitors have gained huge popularity as they have higher power density than 

the battery and higher energy density than conventional dielectric capacitors due to high power 

density, low cost, low equivalent series resistance, cyclic stability and environment adaptability 

[1-3]. Depending on the charge-storing process, supercapacitors can be categorized mainly into 

two groups namely electric double-layer capacitors (EDLC) and pseudo-capacitors [4]. The 

specific capacitance of EDLC depends on the surface area of conductive electrode materials 

such as carbon, accessible to the electrolyte. In this case, the electrical energy is stored at the 

electrode-electrolyte interface as a result of the physical accumulation of electrolyte ions. 

Whereas in pseudo-capacitors storage of energy takes place as a consequence of redox 

(Faradaic) reactions on the surface of electrodes [5-7]. Various kinds of metal oxides, including 

transition metal oxides [8-10], and conducting polymers [11, 12] have been explored as 

pseudocapacitive material in recent years. Spinel ferrites with general formula AB2O4 possess 

a crystal structure which is very effective in the electrochemical capacitor application as it can 

offer superior three-dimensional architectures for providing electronic pathways for diffusion. 

These days, several spinel ferrites including CuFe2O4 [3], NiFe2O4 [13], CoFe2O4 [14] are being 

reported as supercapacitor electrode materials because of their multiple oxidation states, 

environment-friendly nature, and low-cost.  

As a significant member of the spinel ferrite family, MnFe2O4 nanoparticles have drawn much 

attention in the field of supercapacitors owing to their low cost, high electrochemical activity, 

environment friendliness and abundant resources [15, 16]. Nevertheless, the performance of 

MnFe2O4 as a pseudocapacitor has many times been limited by lower-electronic conductivity 

which in turn can result in inadequate transportation of charges at the electrode/electrolyte 

interface and in electrodes, resulting in insufficient Faradaic redox reactions [17, 18]. Also the 

morphology and exposed surface area ratio of the electrode-electrolyte interface to the 

electrolyte plays an important role in accumulating charges, consequently increasing the 

supercapacitance [19-21]. In this regard, MnFe2O4 has a disadvantage as it suffers 

agglomeration during the synthesis process owing to the magnetic interaction that results in a 

reduction of the active surface area and hereby limits the charge accumulation process. 

Therefore, introducing highly conductive support material like graphene is a feasible solution 
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for the aforementioned problems by providing adequate electroactive species in the electrode-

electrolyte interface.  

Graphene is one of the highly conductive carbonaceous materials which can be used as an 

attractive additive material to the metal oxide for providing a good electron transfer pathway 

and also can improve the stability of the whole heterostructure, as it has porous 2-D structure, 

large specific surface area and high conductivity [22-25]. Owing to these properties, graphene 

can serve as a support for preventing the added nanomaterials from agglomeration by balancing 

their high interface energy and hence such nanomaterials can be utilized in a better way [26-

28]. A wide range of electrode materials incorporating pseudocapacitive spinel ferrites along 

with graphene has been effectively developed to achieve high-performance energy storage 

devices [21, 29]. The hybrid materials can enhance the electrochemical performance due to the 

synergistic effect with graphene which provides not only a conductive backbone to promote 

the transportation of electrons but also a mechanical strength which offers the integrity of the 

electrode through the electrochemical processes. In addition, preparing composite with 

graphene and spinel ferrite for supercapacitor electrode material can be economical and easy. 

Recently, a group used the MnFe2O4/rGO nanocomposite to construct a hybrid supercapacitor 

using a two electrode setup. The results showed a specific capacitance of 271 Fg-1 at a current 

density of 0.5 Ag-1 with a cycling durability of 104% after 5000 cycles [30]. Another group in 

2019, prepared a ternary composite graphene/metal doped iron oxide/polypyrrole (rGO/ 

MnFe2O4/Ppy) electrode which showed capacitance 232 Fg-1  at the scan rate of 5 mVs-1 [31]. 

Here, we present the synthesis of spherical MnFe2O4 nanoparticles on the surface of reduced 

graphene oxide (denoted as MnFe2O4/rGO) via a facile one-step solvothermal strategy which 

includes the reduction of graphene oxide (GO) to reduced graphene oxide as well as the 

formation of MnFe2O4 nanoparticles on the graphene sheets. The formation of MnFe2O4/rGO 

heterostructures was confirmed by XRD, SEM, FTIR, Raman spectroscopy and XPS method. 

The combination of graphene and MnFe2O4 nanoparticles develop a synergistic effect. 

MnFe2O4 nanoparticles are effective to provide a large number of electrochemically active sites 

for redox reactions and sheet-like graphene serves as a conductive network and provides a large 

surface area suitable for EDLC. In addition, the MnFe2O4/rGO composites exhibit good 

electrochemical properties with huge potential for supercapacitor application. The obtained 

EIS data of the composite was furthermore investigated with the help of a complex capacitance 

model and then the relaxation time constant was calculated. 
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5.2. Experimental details 

5.2.1 Materials 

Natural graphite flakes, sulfuric acid (H2SO4, 98%), sodium nitrate (NaNO3), potassium 

permanganate (KMnO4, 99.9%), hydrogen peroxide (H2O2, 30%), sodium acetate (NaOAc), 

ferric chloride (FeCl3), manganese chloride (MnCl2, 4H2O), polyethylene glycol (PEG; 

M.W.=6000), ethanol etc. were obtained from Sigma-Aldrich Co. (Bangalore, India). All the 

chemicals obtained were of scientific grade and used without any further cleaning. 

5.2.2 Synthesis 

Synthesis of GO 

Graphene oxide (GO) was prepared using the Hummers method with a small moderation. In 

short, 2 g of graphite powder and 2 g of NaNO3 were mixed in 90 ml H2SO4. The mixture was 

then kept in continuous stirring condition in a beaker after placing it in an ice bath so that the 

temperature remained controlled between 5-15C. After three hours of continuous stirring 10 g 

of KMnO4 was slowly added in a controlled manner to the solution for oxidizing the graphite 

powder into graphitic oxide. After adding KMnO4, again the solution was kept in stirring 

condition for another one hour. Then 90 ml water was added to the solution so that a large 

amount of heat energy could evolve to help in the separation of the graphitic oxide layers into 

graphene oxide. At last, the reaction was ceased by adding hydrogen peroxide (H2O2). The 

graphene oxide solution was then separated and washed many times with distilled water and 

ethanol and lastly dried at 70C. 

Synthesis of MnFe2O4/rGO 

 In a typical procedure, graphene oxide was used as a precursor for the preparation of 

MnFe2O4/rGO. Firstly, 100 mg of GO was dissolved in 40 ml of ethylene glycol. In that 

graphene oxide solution, 4 mmol of FeCl3 and 2 mmol of MnCl2 .4H2O were added. After that, 

the mixed solution was kept under ultrasonication for 3h. Subsequently, 1 g of PEG and 3 g of 

NaOAc were added followed by vigorous stirring for 1h. The whole mixed solution was then 

transferred to stainless steel autoclave and heated at 200C for 12h. After reaching room 

temperature, the precipitated blackish product was collected from the autoclave and was 

separated using centrifugation for several times with de-ionized water and ethanol. The final 
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product, i.e. MnFe2O4/rGO was then centrifuged and dried at 60 C. A schematic illustration 

for the synthesis procedure of MnFe2O4/rGO is presented in Fig. 5.1. The likely process for the 

formation of MnFe2O4 can be broken down into two phases: the first is nucleation from atoms 

created by metal salt reduction, and the second is atomic growth, which is the process by which 

nuclei expand into nanospheres. Due to its unique physical and chemical characteristics, 

ethylene glycol is known to be a successful reaction medium in the solvothermal technique. It 

is also an excellent solvent to obtain monodisperse nanoparticles. The Mn2+ and Fe3+  ions were 

nucleated under solvothermal conditions in the current system under study with the water 

produced from metal precursors to create nanosized crystalline MnFe2O4. 

PEG is a structure-directing agent because it forms spherical grains by easy self-assembly. For 

all systems, the Ostwald ripening process is crucial to the development of nanocrystals. 

Crystalline particles evolve into crystalline nuclei, which assemble isotropically to form 

spherical grains in ethylene glycol solution, and then further to nanospherical crystallites, 

according to the Ostwald ripening mechanism. At the end of the process, MnFe2O4 nanospheres 

were formed on the surface of rGO. In order to prevent particle agglomeration, NaOAc was 

added for electrostatic stabilization. Minimization of the total surface energy of MnFe2O4 

occurs under thermodynamic control [32]. For comparison purposes, pure MnFe2O4 was also 

synthesized under the same condition without adding GO. 

 

 

 

 

 

 

 

 

5.2.3 Material Characterization  

The powder X-ray diffraction (XRD) spectra for the as-prepared samples were investigated by 

a Bruker D8 advanced diffractometer in Bragg Brentano geometry, using Cu Kα (λ=1.54059Å) 

radiation between 20 to 80. The step size and scan speed were 0.0188 and 0.035/s 

Fig. 5.1. Schematic illustration for the synthesis of MnFe2O4/rGO. 
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respectively.  The surface morphology of the products was obtained by Field emission scanning 

electron microscope (FEI INSPECT F50) operated at 10 kV. The Raman spectroscopy was 

conducted with the help of a Raman Microscope (HORIBA, Lab RAM, HR800) within 500-

2500 cm-1 at room temperature. The chemical groups present in the sample were investigated 

by Fourier transform infrared (FTIR) spectroscopy at ambient temperature with a Perkin-Elmer 

FTIR spectrum RXI spectrometer in transmission mode within 500-4000 cm-1. For FTIR 

measurement, pallets were prepared by applying hydraulic pressure on samples mixed with 

KBr powder. The background correction was performed with reference to KBr pallets. The 

elemental binding energy of the as-prepared MnFe2O4/rGO composite was obtained by X-ray 

photoelectron spectroscopy (XPS; Omicron, serial no:0571). To perform XPS measurement, 

an aqueous solution of MnFe2O4/rGO was made and dropcasted onto a glass substrate followed 

by air drying. 

5.2.4 Electrochemical characterization 

The electrochemical study of the bare MnFe2O4 and its composite was performed in a 

conventional three-electrode system. The experiment was done by cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy (EIS) 

techniques on a multichannel electrochemical workstation (CS313 CorrTest, China). In a 

typical procedure, working electrodes were prepared with definite masses of prepared electro-

active materials, acetylene black and polyvinylidene fluoride (PVDF) with a mass ratio of 

85:10:5 respectively. The mixtures were dispersed in a very small amount of N-methyl 

pyrrolidone (NMP) solution to form a homogeneous slurry that was pasted onto a teflon-coated 

graphite rod. The prepared working electrode (WE) was then dried overnight at 60°C in an 

electric oven and hence NMP was completely evaporated. Platinum (Pt) (1cm × 1cm) and 

Ag/AgCl in saturated KCl solution were considered as the counter and reference electrodes 

respectively. 1 M Na2SO4 aqueous solution was used as the electrolyte. The reference electrode 

potential was monitored carefully and the measurement protocol was maintained throughout. 

Mass loading of 0.5 mg and 0.6 mg respectively was used for the MnFe2O4 and MnFe2O4/rGO 

active materials. 

The specific capacitance (Cm) of the samples can be calculated using CV curves using 

following formula 

Cm = 
𝑖

2𝑚𝑣
                      (1) 
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where m is the mass of the active material and 𝑣 stands for the scan rate. The value of 𝑖 can be 

calculated by integrating the surface area bounded by the CV curves using the following 

formula 

𝑖 =
∫ 𝑖(𝑣)𝑑𝑣

𝑣𝑐
𝑣𝑎

Δ𝑣
            (2) 

Here, 𝑣𝑐 and𝑣𝑎 respectively stands for the lowest and highest end values of the potential 

window. The value of specific capacitance can also be calculated from GCD curves using the 

following equation: 

Cm = 
𝑖 × 𝛥𝑡

𝛥𝑣
                       (3) 

where 𝑖 is the applied current density in Ag-1, Δt (s) is discharge time and Δ𝑣 (V) is the potential 

window during the discharge process. 

5.3. Results and discussion 

5.3.1 XRD 

The crystalline nature and phase characteristics of the as-prepared samples were investigated 

by powder X-ray diffraction studies. The XRD pattern recorded for MnFe2O4 and 

MnFe2O4/rGO composite particles have been presented in Fig. 5.2b. Eight distinct diffraction 

peaks were detected for pristine MnFe2O4 as well as in MnFe2O4/rGO composite. The 

characteristics peaks for bare MnFe2O4 were detected approximately at 2θ values of 30.2, 

35.5, 43.1, 53.4, 57.2, 62.7, 71.1 and 73.8 which were respectively assigned to the 

crystallographic peaks 220, 311, 400, 422, 333, 440, 620 and 533. All these major diffraction 

peaks of MnFe2O4 are related to single-phase cubic spinel structure (JCPDS data no-74-2403) 

[33]. The nanoparticles having intense sharp peak indicates that the particles are highly 

crystalline. Also, the absence of any extra peak confirms the purity of the nanoparticles. From 

the Scherrer formula, the average crystallite sizes of MnFe2O4 and MnFe2O4/rGO were found 

to be ~14 nm and 12 nm respectively, considering the highest intense peak 311. In addition, 

the Rietveld refinement analysis of the XRD data has been carried out using the FullProf 

software to learn more about the structural details of the MnFe2O4 nanoparticles. All the peaks 

of the powder XRD pattern were well-matched with those of the pure phase of MnFe2O4 

nanoparticles with a GOF (Goodness of fit) value of 1.32 and it belongs to the          Fd-3m 

space group [34-37]. In a normal spinel ferrite structure, the X2+ ions occupy the tetrahedral 

sites, while the octahedral sites contain the ferrite (i.e. Fe3+) ions, yielding the experimental 
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formula [X2+]tetrahedral[Fe3+]octahedral
2O4 [35]. The space group and crystal planes of these 

nanoparticles were determined from the fitted curve (Fig. 5.2c) and are in good agreement with 

previously published results [35, 36]. The peak profiles were modelled using the Pseudo-Voigt 

function. The Rietveld refined data suggest that the experimental and simulated patterns are 

well matched and the difference between them is negligible.  

 

 

 

 

 

 

 

 

 

Table 5.1. Crystal data along with the Metal-Oxygen bond lengths and bond angles of the MnFe2O4 

nanoparticles obtained from Rietveld refinement of XRD data 

 

 

 

 

 

 

 

 

 

 

 

 

In addition, certain additional structural parameters were determined from the Rietveld 

refinement output data, such as the lattice parameter (a~ 8.415Å) and unit cell volume (a3 ~ 

595.855 Å3). The bond length between the iron-oxygen (Fe-O) atoms is ~2.1Å and manganese-

oxygen (Mn-O) atoms is ~ 1.8Å, whereas the angle between two Fe-O bonds is 90⁰ and two 

Mn-O bonds is ~109.5⁰. These parameters are listed in Table 5.1. A schematic of the 3D unit 

Parameters Values 

Formula weight 230.63 

Crystal system Cubic 

Space group Fd-3m 

Lattice parameter 8.415 Å 

Volume of unit cell 595.855 Å3 

GOF 1.32 

Metal-oxygen bond length (Å) Mn-O = 1.822  

Fe-O = 2.104 

Metal-oxygen bond angle Mn-O bond angle = 109.5⁰ 

Fe-O bond angle = 90⁰ 

 

Fig. 5.2. X-ray diffraction spectrum of (a) GO (b)  MnFe2O4 (black) and MnFe2O4/rGO (red) 

(c) XRD pattern of MnFe2O4 nanoparticles (green) along with the Rietveld refinement plot 

showing the simulated curve (red), Bragg’s position and the corresponding difference of 

experimental and simulated data. 
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cell of MnFe2O4 nanoparticles with metal and oxygen bonds, bond length and angle was also 

obtained from the refined data using VESTA structure visualization software which is shown in 

Fig. 5.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The XRD spectrum of GO shows a characteristic 001 peak at 10.3 (Fig. 5.2a). It is very 

evident that in the case of composite, there is no extra significant graphene-related peak other 

than the main peaks of MnFe2O4. The non-appearance of the diffraction peaks corresponding 

to rGO can be attributed to the complete exfoliated state of rGO in the composite material. It 

can also be inferred that restacking has been prevented effectively because if the regular 

stacking of rGO gets impaired, the diffraction peak is not visible or becomes weaker [38]. 

Moreover, the absence of any graphene peak also indicates that the crystallinity of MnFe2O4 

was not affected by the introduction of graphene. This exfoliation of rGO in the composite 

material is beneficial for superior electrochemical performance. 

5.3.2 SEM: 

The external surface morphology and structure of the synthesized materials were additionally 

investigated by scanning electron microscope (SEM). The representative SEM image of 

MnFe2O4 as shown in Fig. 5.4a, reveals its morphological appearance to be almost spherical. 

It was further investigated from the histogram analysis (Fig. 5.4d) that the average particle size 

Fig. 5.3 (a) The schematic (Ball and Stick) diagram of 3D unit cell structure of cubic spinel 

crystal (fcc) of the MnFe2O4 nanoparticles (space group Fd-3m). The oxygen, manganese and 

iron positions are marked in red, violet and brown colours respectively. Bond length and bond 

angle of (b) Mn-O and of (c) Fe-O as obtained using the VESTA software. 
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of the synthesized MnFe2O4 was about ∼57 nm. These types of low-dimension MnFe2O4 

nanoparticles can have high active surface area and hence can facilitate electrochemical 

performances with better exposure to the electrolyte ions. 

Fig. 5.4b demonstrates that the MnFe2O4 nanoparticles are distributed on the randomly 

arranged graphene planar sheet simultaneously creating an abundant porous structure with a 

high active surface area. This kind of porous hybrid structure is favorable to achieve a better 

ion diffusion process and larger charge accumulation resulting in enhanced electrochemical 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

performance. Furthermore, the graphene sheets may prevent the agglomeration of the MnFe2O4 

nanoparticles as well, which in turn, increases the probability of the active sites on the electrode 

getting exposed to the electrolyte ions. Additionally, the nanocomposite may provide a highly 

conductive path for accelerating ion adsorption and extraction. The elemental analysis was also 

executed on the MnFe2O4/rGO nanocomposite. Fig. 5.4c represents the EDX spectra of the 

Fig. 5.4. SEM image of (a) MnFe2O4 and (b) of MnFe2O4/rGO and (c) EDX spectrum 

of MnFe2O4/rGO. Inset shows the histogram of particle size distribution for MnFe2O4 

nanoparticles. 
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composite which confirms the presence of Mn, Fe, O and C. The EDX result clearly depicts 

that the nanocomposite is composed of MnFe2O4 and graphene. 

5.3.3 Raman 

Raman spectroscopy was employed to study irregularity in sp2 carbon material and for 

exploring the structural property of the materials. Fig. 5.5(a) illustrates Raman spectra of 

prepared GO and MnFe2O4/rGO. The Raman spectrum of GO exhibits two characteristic 

prominent peaks at 1333 cm-1 and 1591 cm-1 which can be assigned to D and G bands, 

respectively. The D band is related to the imperfection and disorder within the lattice structure 

of the graphitic network, whereas the G band is associated with the vibration of sp2- bonded 

carbon [39, 40]. For gaining further information on defects and the order of graphitization, the 

ratio of ID and IG was calculated using peak intensities of the D and G bands. In the case of 

GO, the ID/IG ratio was 1.22. After the solvothermal reduction of GO and with the incorporation 

of MnFe2O4 nanoparticles into the rGO sheets, ID/IG value decreased to 1.09. Theoretically, 

when GO is reduced, the oxygeneous functional groups are removed which in turn increases 

the degree of ordering of the sp2 carbon network structure. This makes the sp2 region larger, 

and hence the ID/IG ratio decreases. Additionally, the vibrational modes associated with 

MnFe2O4 can be noticed with a broad hump centered at 623 cm-1.  

5.3.4 FTIR: 

Fourier transform infrared spectroscopy was carried out for investigating the functional groups 

in the prepared samples. Fig. 5.5b depicts the FTIR spectra recorded for the prepared samples 

between 500-4000 cm-1. It can be observed that the GO spectrum contains different oxygen-

containing functional groups attached to the graphite lattice. Stretching vibrations of the epoxy 

(C-O) functional group can be noticed at 1045 cm-1. Emergence of the peak at 1365 cm-1 might 

be because of the presence of tertiary C-OH group. Another characteristic peak at 1609 cm-1
 is 

associated with the skeletal vibrations from the unoxidized (C=C) graphitic network. The C=O 

stretching vibrations related to sp3 carbon associated with carboxyl COOH groups which are 

placed at the edges of graphene oxide sheets can be noticed at 1723 cm-1. The band at 3335 cm-

1 is ascribed to the stretching vibrations of hydroxyl groups. FTIR spectrum of GO is found to 

be in good agreement with reported work [41, 42]. In both MnFe2O4 and the composite, the 

broad bands at ~ 3000-3500 cm-1 
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are associated with the O-H stretching vibration and 1650 cm-1 corresponds to the bending 

vibration. Also, in both cases, a strong band at 556 cm-1 is related to the metal-oxygen bond 

[43]. Moreover, for the nanocomposite, the disappearance of absorption peak (C=O) and 

declination of (C-O and C-OH) corresponding to oxygen-containing groups confirm the 

effective reduction of GO in solvothermal treatment. The peak at 1609 cm−1 for GO indicating 

C=C skeletal vibration for the unoxidized graphitic network is red-shifted to 1590 cm−1, 

suggesting non-violation of the aromatic structure of rGO within the composite [41]. 

5.3.5 X-ray photoelectron spectroscopy (XPS) 

To explore the elemental composition of MnFe2O4/rGO composite, XPS was adopted. The 

complete XPS spectrum of MnFe2O4/rGO composite is presented in Fig. 5.6e, which ensures 

the existence of Mn, Fe, C and O elements.  The high-resolution XPS spectra along with the 

fitted ones corresponding to Mn 2p, Fe 2p, C 1s and O 1s are presented in Fig. 5.6a-d. As 

displayed in Fig. 5.6a, the spectrum of Mn 2p can be fitted into three peaks with two 

characteristic principal peaks at binding energies of 641.11 eV (Mn 2p3/2) and 652.77 eV (Mn 

2p1/2). The difference in the binding energies of these two peaks is nearly 11.66 eV, which is 

close to the numerical value for Mn3O4, suggesting the existence of both Mn2+ and Mn3+ ions 

[44, 45]. The other peak at binding energy 642.8 eV is associated with the satellite peak. 

Likewise, the XPS spectrum related to Fe 2p can be fitted into four peaks (Fig. 5.6b). In 

addition to the satellite peak at 716.73 eV, the binding energy at two sub-peaks at 710.11 eV 

Fig. 5.5. (a) Raman spectra and (b) FTIR spectra of GO, MnFe2O4 and MnFe2O4/rGO composite 
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and 712.05 eV are associated with Fe 2p3/2 whereas the peak at 724.24 eV is assigned to Fe 

2p1/2 and it validates the presence of Fe3+ species in MnFe2O4/rGO composite. Specifically,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

the binding energy at 712.05 eV for Fe 2p3/2 arises due to the Fe3+ ions in tetrahedral sites. On 

the other hand, the binding energy at 710.11 eV for Fe 2p3/2 and binding energy at 724.24 eV 

for Fe 2p1/2 comes from Fe3+ ions in octahedral sites. Moreover, the satellite peak confirms the 

existence of Fe2+ ions [43, 46, 47]. 

Fig. 5.6. The XPS spectra of MnFe2O4/rGO (a) Mn 2p, (b) Fe 2p, (c) O 1s, (d) C 1s. 

(e) XPS Survey spectrum of MnFe2O4/rGO composite. 
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Fig. 5.6c depicts the O 1s spectrum with two peaks at 529.4 eV and 530.5 eV. The O 1s peak 

associated with the binding energy of 529.4 eV is representative of the metal-oxygen bond of 

MnFe2O4, while the peak related to binding energy around 530.5 eV determines the oxygen-

containing functional group [43]. 

In Fig. 5.6d, it can be observed that the XPS spectrum of C 1s is fitted with three peaks at the 

binding energy values of 284.21, 285.15 and 288.24 eV and they are generally associated with 

C=C, C-O and O-C=O bond respectively [42]. The two observably weaker peaks in Fig. 5.6d 

can be associated with the oxygen-containing carbons, suggesting the reduction process of GO. 

This observation confirmed that GO was efficiently reduced to rGO with a small amount of 

remaining oxygenated groups and for this reduction, ethylene glycol was utilized as a reducing 

material in the solvothermal process [3].These obtained results firmly suggest the successful 

formation of MnFe2O4/rGO composite and the confirmation of the presence of functional 

groups which are beneficial for the process of adsorption and motion of charges. 

 

5.3.6 Electrochemical Studies: 

For its feasible application as a supercapacitor electrode, the electrochemical performance of 

bare MnFe2O4 nanoparticles and MnFe2O4/rGO composite were investigated with the 

assistance of a traditional three-electrode system in a 1M Na2SO4 aqueous electrolyte as 

described earlier in section 5.2.4. The CV curves of MnFe2O4 and MnFe2O4/rGO recorded at 

various scan rates within the range 2 to100 mV/s, in a 1 M Na2SO4 aqueous electrolyte in the 

potential window from -0.3 to 1.2 V have been shown in Fig. 5.7a and 5.7b respectively. It can 

be seen that the CV curves of MnFe2O4 consist of prominent redox peaks which differ from the 

usual rectangular shape of an ideal electric double-layer capacitor. These peaks arise due to the 

reversible redox processes involving Mn and Fe ions occurring at the electrode’s surface. The 

nature of CV curves suggests the pseudocapacitive behaviour of MnFe2O4 nanoparticles. This 

implies that the maximum charge-storing process in the MnFe2O4 nanoparticle electrode takes 

place through the Faradaic process. The Na+ ions from the electrolyte interact with the MnFe2O4 

nanoparticles by a reversible redox couple reaction as given in eqn (4) [48, 49] 

Na+ + e- + MnFe2O4  ↔  NaMnFe2O4            (4) 

As the specific capacitance of a sample is equivalent to the area under the CV curve, it is 

perceptible that MnFe2O4/rGO nanocomposite exhibits a notably larger integrated area than 

that of bare MnFe2O4 nanoparticles, suggesting a higher electrochemical performance. The 

file:///G:/My%20Drive/SHARED_BIDISHA/SUPERCAPACITOR/MnFe2O4_RGO/COMMUNICATED_LATEST/MRB_Revised_2.docx%23_ENREF_43
file:///G:/My%20Drive/SHARED_BIDISHA/SUPERCAPACITOR/MnFe2O4_RGO/COMMUNICATED_LATEST/MRB_Revised_2.docx%23_ENREF_46
file:///G:/My%20Drive/SHARED_BIDISHA/SUPERCAPACITOR/MnFe2O4_RGO/COMMUNICATED_LATEST/MRB_Revised_2.docx%23_ENREF_47
file:///G:/My%20Drive/SHARED_BIDISHA/SUPERCAPACITOR/MnFe2O4_RGO/COMMUNICATED_LATEST/MRB_Revised_2.docx%23_ENREF_43
file:///G:/My%20Drive/SHARED_BIDISHA/SUPERCAPACITOR/MnFe2O4_RGO/COMMUNICATED_LATEST/MRB_Revised_2.docx%23_ENREF_42
file:///G:/My%20Drive/SHARED_BIDISHA/SUPERCAPACITOR/MnFe2O4_RGO/COMMUNICATED_LATEST/MRB_Revised_2.docx%23_ENREF_3


  Chapter 5 
 

Ph.D Thesis: Bidisha Mandal, Jadavpur University, Feb. 2024 123 

 

specific capacitance of the electrode was calculated with the help of CV curves using eqn (1) 

and (2) at various scan rates and have been presented in Fig. 5.7c. The highest specific 

capacitance of MnFe2O4 and MnFe2O4/rGO composite are 92 and 192 Fg-1 respectively at 2 

mV/s, clearly indicating that the composite possesses higher capacitance than that of bare  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

nanoparticles. It can also be observed that the specific capacitance decreases as the scan rate  

increases from 2 to 100 mV/s. At a lower scan rate, electrolyte ions in the Na2SO4 aqueous 

solution get a higher time to access the inner and external surface of the electrode which results 

in the accumulation of a large number of charges as well as enhanced capacitance. Inversely, 

at a higher scan rate, the ions in the electrolyte with higher mobility obtain inadequate time to 

Fig. 5.7. CV curves of (a) MnFe2O4 and (b) MnFe2O4/rGO composite at different scan rates within 

the potential window range of -0.3 to 1.2 V vs. Ag/AgCl. (c) Scan rate-dependent specific 

capacitance of MnFe2O4 and MnFe2O4/rGO. (d) Plot of ip/v1/2 versus v1/2 for MnFe2O4/rGO. 
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interact with the inner surface of the electrode. Accordingly, a very small amount of charges 

get accumulated on the outer surface resulting in decreased specific capacitance. 

 

The MnFe2O4/rGO composite is constituted of materials which individually contribute to the 

charge-storing mechanisms: one through an electric double layer and the other through the 

redox reaction mechanism. Specifically, the mechanism of charge accumulation comprises a 

Faradaic electron transfer process between the two or more redox states of the metal (Mn) 

centres in the spinel crystals and non-Faradaic electric double layer formation from the 

carbonaceous graphene materials. In such case, the peak current of active electrode material is 

made up of both capacitive current and adsorption/desorption current which can be represented 

in terms of sweep rate as: [8]  

ip (V) = k1v + k2v
1/2                                                     (5) 

where k1v and k2v
1/2 represent capacitive current and charge adsorption/desorption current, 

respectively. Now dividing the equation on both sides by v1/2 , one obtains 

ip/v
1/2 = k1v

1/2 + k2                                                       (6) 

 

The values of k1 and k2 can be obtained from the slope and intercept respectively of the linear 

fit corresponding to eqn (6). Fig. 5.7(d) shows the plot of ip/v
1/2 with v1/2. The k1 and k2 values 

as obtained from the linear fit of the graph are 0.02367 and 0.60669 respectively. The 

significantly low value corresponding to the capacitive current reflects the fact that the Faradaic 

redox charge transfer process is dominant over the capacitive mechanism in case of the 

composite. Such an enhanced electrochemical property of the composite particle was further 

confirmed by Galvanostatic charge-discharge (GCD) measurements which were done in 

addition to cyclic voltammetry in the same 1M Na2SO4 electrolyte and within the potential 

window range of -0.3 to 1.2V. Fig. 5.8a shows the GCD curves for the bare nanoparticles and 

composite at 10 Ag-1. As shown in these curves, the discharge time for the MnFe2O4/rGO 

composite is significantly longer than for bare nanoparticles. This data undoubtedly confirmed 

that MnFe2O4/rGO possess a larger charge capacity than the pristine MnFe2O4, which is 

consistent with the CV results. Fig. 5.8b represents GCD curves for the composite and it can 

be seen that the shapes of charge/discharge curves at different current densities are almost the 

same without any prominent change and a trivial IR drop, suggesting small internal resistance, 

good reversibility and rate capability [48]. The specific capacitances of active material 

electrodes based on GCD curves can be calculated using equation (3) which are found to be ~ 

253, 224, 195, 180 and 166 Fg-1 at current densities of 10, 11.16, 13.33, 15 and 16.6 Ag-1 
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respectively for the composite, neglecting the very small IR drop present. The highest specific 

capacitance, as well as the longest discharge time of the MnFe2O4/rGO electrode was for a 

current density of 10 Ag-1. A comparison of the highest specific capacitance values reported 

for other MnFe2O4/graphene based materials is summarized in Table 5.2. The higher specific 

capacitance at lower current density can be due to the adequate transfer time for ions between 

electrode and electrolyte. For the bare nanoparticles, the specific capacitance calculated from 

GCD curve (Fig. 5.8a) is found to be 133 Fg-1 at a current density of 10 Ag-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This improved capacitance can be ascribed to the incorporation of graphene. With the 

introduction of graphene within the composite heterostructure, the accessible specific surface 

area increased which in turn increased the electrode-electrolyte contact area providing more 

usable space for electrolyte diffusion on the MnFe2O4/rGO electrodes which give rise to a 

larger number of ion accumulation enhancing charge storage capacity. Also, due to less 

agglomeration, nanomaterials become more accessible on the surface and increase the specific 

Fig. 5.8. GCD curves of (a) MnFe2O4  and MnFe2O4/rGO at current density 10 Ag-1 (b) 

MnFe2O4/rGO at different current densities within the potential window range of  -0.3 to 

1.2V. (c) Cyclic stability and Coulombic efficiency of MnFe2O4/rGO for 5000 cycles. 

Inset shows first and last five consecutive GCD curves out of 5000 cycles. 
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capacitance due to the increase of the Faradaic process. On the other hand, MnFe2O4 

nanoparticles provide Faradaic process to enhance the total capacitance by penetrating the rGO 

layers and preventing the restacking of the graphene sheets.  

 

Table 5.2. A comparison of the synthesis method, electrolyte used, specific capacitance and capacitance 

retention (%) obtained in this study with existing literature on other MnFe2O4 based materials. 

 

Sample  Synthesis 

method 

Electrolyte Specific 

Capacitance 

(Fg-1) 

Capability 

Retention 

(%) 

Ref 

MnFe2O4 NPs Thermal 

decomposition 

2 M KOH 25.21  

(at 50 mV s-1) 

- [50] 

MnFe2O4 

microsphere 

solvothermal 2 M KOH 88.4  

(at 0.01 Ag-1) 

69.2% after 

2000 cyclces 

[51] 

rGO/MnFe2O4/Ppy Co-

precipitation 

1 M H2SO4 232 

(at 5 mV s-1) 

- [31] 

MnFe2O4/graphene  Solvothermal 1 M H2SO4 120 

(at 0.1 Ag-1) 

105 % after 

5000 cycles 

[17] 

MnFe2O4/GO Co-

precipitation 

1 M H2SO4 298 

(at 1 Ag-1) 

92 % after 

500 cycles 

[52] 

MnFe2O4/rGO Solvothermal 1 M 

Na2SO4 

253 

(at 10 Ag-1) 

96 % after 

5000 cycles 

This 

work 

 

To investigate the long-term cyclic stability of prepared MnFe2O4/rGO for practical use as 

electrode material, a 5000 cycle charging and discharging cyclic test was conducted with a 

constant current density of 15 Ag−1 within a potential window of -0.2 to + 1.3 V. Fig. 5.8c 

depicts capacitance retention rate and coulombic efficiency as a function of cycle number. 

Initially, the specific capacitance increases over to 104% of the starting value then starts to 

decrease and reaches the value of 98% of the starting value at 2500th cycle. Ultimately, 

capacitance retention becomes 96% after 5000th cycle. The first five and last five consecutive 

GCD curves (inset of Fig. 5.8c) with a current density of 15 Ag-1 showed an almost linear and 

typical triangular shape which could be attributed to the good electrochemical capacitive 

characteristic with high degree of reversibility. The formula for the coulombic efficiency, η, is 

(td/tc), where td (s) is the discharge time and tc (s) is the charge time. It was discovered that the 

coulombic efficiency was rather consistent, exhibiting good efficiency with a minimum value 

of 90 % throughout the cycles. This is due to easy insertion-desertion of electrolyte ions 

through the electrode material. The results of capacitance retention and coulombic efficiency 

verify the long life and high efficiency of MnFe2O4/rGO. 
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Electrical impedance spectroscopy (EIS) was performed to understand the conductive and 

capacitive nature of the electrodes with the three-electrode system within the frequency range 

from 0.01 to 100 kHz with the perturbation voltage of 10 mV. The Nyquist plots of the 

composite and bare particles have been shown in Fig. 5.9a. In the high-frequency region of the 

Nyquist plot, the semi-circular part describes the interfacial charge transfer resistance (Rct) 

between the electrode and electrolyte whereas the straight line in the low-frequency region 

signifies a capacitive nature [53, 54]. A larger diameter of the semi-circle indicates higher 

resistance provided to the mobility of ions and conversely, a smaller diameter means enhanced 

electrochemical properties. 

It can be observed that as compared to pure MnFe2O4, the MnFe2O4/rGO nanocomposite 

exhibits a much shorter diameter suggesting lower charge transfer resistance. Moreover, at the 

low-frequency region, the slope corresponding to the composite is closer to 90º than the bare 

MnFe2O4 nanoparticles, indicating a better capacitive behaviour. The Nyquist plot has been 

fitted with Z-view software using the equivalent circuit shown in the inset of Fig. 5.9a. Here 

constant phase element (CPEDL) is used in parallel with Rct to model the imperfect capacitor in 

high-frequency region. On the other side, Warburg impedance (WO) indicates the straight line 

in low-frequency region. It is well known that the intersection of the semicircle on the real axis 

at a high-frequency region signifies the electrolyte solution resistance (Rs). The Rs and Rct 

values of MnFe2O4  are found to be 9.31Ω and 45.6Ω whereas for MnFe2O4/rGO they are only 

0.25 Ω and 1.25 Ω respectively. This drastic improvement in the charge transfer region can be 

Fig. 5.9. (a) Nyquist plots of MnFe2O4, the MnFe2O4/rGO composite. (b) The behaviour of real 

and imaginary capacitance values of MnFe2O4/rGO composite as a function of frequency. Inset 

shows the EIS spectra of MnFe2O4/rGO composite before cycling and after 5000 cycles. 
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related to the incorporation of conductive graphene which improved the conductivity of the 

composite particle which also in turn increased the specific capacitance. 

Additionally, EIS measurement was also done after the 5000 cycle charging discharging test. 

Inset of Fig. 5.9b shows the EIS spectra of MnFe2O4/rGO before and after cycling, where only 

a slight increase of resistances can be observed without affecting the pattern remarkably, which 

can be attributed to the repeated long-term cycling effect. The EIS results along with good 

capacitance retention and coulombic efficiency thus ensures high cyclic durability with a very 

slight possible reduction of electrochemical activities of the MnFe2O4/rGO electrode material 

after 5000 cycles. 

To obtain further comprehension, complex capacitance calculations for the composite were 

conducted. To further explore the electrode capacitance dependency on the frequency, the 

complex capacitance model was used [55], in which the capacitance can be written as: 

C (ω) = C′(ω) - j C″(ω)                               (7) 

where C’(ω) and C"(ω)  stand for  the real and imaginary parts of the capacitance respectively 

and are represented as: 

C′(ω)    = 
−𝑍"(𝜔)

𝜔∣𝑍(𝜔)∣2
                                (8) 

C"(ω)   =  
𝑍ˊ(𝜔)

 𝜔∣𝑍(𝜔)∣2
                               (9) 

where ω is the angular frequency, 𝑍′(𝜔) and 𝑍"(𝜔) indicate respectively the real and imaginary 

parts of the impedance, and the term ∣ 𝑍(𝜔) ∣ shows the modulus of the impedance. This model 

is potent to explore the qualitative study of the variation of capacitance with respect to 

frequency. 

Variations of C′(ω), and C″(ω) with frequency in case MnFe2O4/rGO have been displayed in 

Fig. 5.9b. The frequency dependence of real capacitance describes how electrolyte ions 

penetrate within the pores of electrodes at a specific frequency. In case of low frequencies, the 

pores deep inside the electrode become easily accessible for the electrolyte ions and 

consequently C′(ω) increases. But, in the case of high frequencies, the electrolyte ions merely 

access the surface of the pores which results in decreased C′(ω). At very high frequencies, it 

can be observed that C′(ω) does not depend on frequency. The imaginary capacitance C"(ω) 

indicates the dissipation of energy in the time of the charging process [48]. Here the C′(ω) and 

C"(ω) values are not comparable with the calculated specific capacitance which was previously 

calculated from CV and GCD curves since in EIS measurements, immobility takes place as the 

ions get confined within the electrolyte solution [56]. Furthermore, for the determination of the 
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charge-discharge rate performance of MnFe2O4/rGO, the relaxation time τo (s) is derived from 

the imaginary part of the capacitance [C″(ω)] with the help of the inverse of the maximum 

value of frequency f0. In addition, τo is also related to the time which is required to discharge 

all the stored energy with an efficiency greater than 50% [57]. A relaxation time of 7s suggests 

that only a short time is needed for discharging all the energy from the electrode. 

5.4 Conclusion: 

In summary, manganese ferrite nanoparticles and its nanocomposite with graphene have been 

prepared by a facile single-step solvothermal method for its possible application as electrode 

material for supercapacitors. The experimental results showed that MnFe2O4/rGO composites 

have highly improved electrochemical performance in comparison to the bare MnFe2O4 

nanoparticles. Reduced graphene oxide executes an important role in providing better 

conductivity as well as structure for improving the electrochemical properties of MnFe2O4/rGO 

nanocomposite. The specific capacitance of MnFe2O4/rGO composite electrode greatly 

increased to a value of 253 Fg-1 from 133 Fg-1 obtained for MnFe2O4 electrode corresponding 

to a current density of 10 Ag-1. Furthermore, the MnFe2O4/rGO composite exhibited 

significantly reduced charge transfer resistance. Additionally, even after 5000 cycles, the 

charge/discharge stability of MnFe2O4/rGO electrode dropped by only 4%, indicating reduced 

‘cycle fatigue’. Thus, the MnFe2O4/rGO nanocomposite synthesized using our single step 

solvothermal method can be a potential electrode material with good specific capacitance, high 

stability, and low impedance, indicating its promising practical functioning in future 

supercapacitor devices. 
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CHAPTER 6 

 

TIME-DEPENDENT ADSORPTIVE 

REMOVAL OF METHYLENE BLUE DYE 

BY CoFe2O4/rGO NANOCOMPOSITE 

 
In this chapter, the solvothermal method was employed to prepare spinel cobalt ferrite with 

graphene adsorbents (CF-rGO). By using X-ray diffraction, scanning electron microscopy 

(SEM), FTIR, XPS, and VSM, the properties of the produced samples were investigated. The 

high saturation magnetization value of the sample may be used by the external magnetic field, 

which is advantageous for the recycling procedure in the adsorption application. The analyses 

show that CF-rGO with adsorption capacity of 15.5 mg.g-1  has successfully removed 93% of 

MB from water. The produced composite of graphene and ferrite is promising since it is simple 

to separate, has a high adsorption capacity, and is inexpensive. As a result, it may be employed 

as a reusable adsorbent for very effective MB adsorption from aqueous solutions. 
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6.1. Introduction 

Pollutants of several types can be found in the effluents produced by the textile industry. 

Organic dyes are widely used in the textile industry because they produce vibrant colors and 

exhibit beneficial qualities such as being easily water-soluble, less expensive to make, and 

simpler to apply to cloth. Maximum dyes are considered to be toxic and have a complex and 

stable aromatic structure, they are difficult to degrade [1, 2]. Hence, eliminating these dyes 

from industrial effluents has become one of the major environmental concerns in recent times 

[3]. Different techniques, such as adsorption, biological treatment, photocatalytic degradation, 

chemical oxidation, and coagulation, have been widely used to remove dyes from dye-

containing wastewater [4-9]. Due to its low cost, straightforward design, simple operation, and 

chemical inertness to harmful compounds, adsorption is regarded as one of the most successful 

approaches for advanced wastewater treatment that removes organic dyes [10-12]. 

Many kinds of research have been performed for eliminating pollutant dyes using various 

materials. For treating huge amounts of wastewater, it is crucial to create new adsorbents with 

high adsorption capacity and quick separation rates [9, 13]. Graphene is a promising material 

for reducing large amounts of organic contaminants from industrial wastewater because of its 

high surface area, excellent chemical stability, and high electron mobility in its chemical 

structure [14-17]. Although efficient as an adsorbent, graphene is difficult to reuse, which could 

drive up costs and lead to secondary contamination. Many researchers have combined graphene 

with magnetic materials to overcome the aforementioned problems, where the resulting 

adsorbent can be easily removed from the treated water and used repeatedly without losing its 

properties. 

In recent years, a lot of interest has been seen in using magnetic nanoparticles to solve 

environmental issues [18, 19]. Due to their outstanding qualities, including high saturation 

magnetization; and shape- and size-dependent magnetic behavior, cobalt ferrite (CoFe2O4) 

nanocrystals with spinel structure have received a lot of attention for environmental 

remediation [20]. The well-known inverse spinel cobalt ferrite has Fe3+ ions 

impartially distributed throughout the A and B sites and Co2+ ions on the B sites [21]. 

In the present work, CoFe2O4 (CF) nanoparticles and their composite with graphene (CF-rGO) 

were synthesized using a one-pot solvothermal method. An investigation was done on the 

samples' magnetic and structural characteristics. The samples were engaged as adsorbents for 
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the removal of Methylene Blue (MB) dye from an aqueous solution. For purifying water, the 

impact of contact time on the adsorption process was investigated. The findings demonstrated 

that rGO has a significant role in improving the adsorption capacity of CoFe2O4 by decreasing 

nanoparticle aggregation and enhancing the active surface area for adsorption. The adsorptive 

efficiency of the CF-rGO composite was analyzed and verified by pseudo-second-order 

kinetics. The possible mechanism of enhanced efficiency due to the incorporation of rGO has 

also been suggested. 

6.2. Experimental section 

6.2.1. Materials 

Natural graphite flakes, sulfuric acid (H2SO4, 98%), sodium nitrate (NaNO3), potassium 

permanganate (KMnO4, 99.9%), hydrogen peroxide (H2O2, 30%), sodium acetate (NaOAc), 

Ferric chloride (FeCl3), manganese chloride (CoCl2, 4H2O), polyethylene glycol (PEG; 

M.W.=6000), ethanol etc. were obtained from Sigma-Aldrich Co. (Bangalore, India). All the 

chemicals purchased were of scientific grade and used directly without any purification. 

6.2.2. Synthesis of GO 

Graphene oxide (GO) was synthesized by the Hummer’s method with slight modification [1]. 

In brief 2 g of Graphite powder and 2 g of NaNO3 were mixed in 90 ml H2SO4. The mixture 

was stirred in a beaker and kept in an ice bath under a controlled temperature between 5-15ᴏC. 

This solution was kept under a continuous stirring process for three hours. After that, in this 

stirring condition, 10 g of KMnO4 was added to oxidize the graphite powder to graphitic oxide 

in such a way that the temperature remained under 15 ᴏC. After one hour of stirring with added 

KMnO4, 90 ml water was added to the solution and as a result, a huge amount of heat energy 

was developed which helped to separate graphitic oxide layers into graphene oxide. At last, the 

reaction was terminated by adding hydrogen peroxide (H2O2). The obtained graphene oxide 

solution was washed several times with DI water and ethanol and finally dried at 60 ᴏC. 

 

6.2.3. Synthesis of CoFe2O4/rGO 

CF-rGO nanocomposites were prepared via a solvothermal method in which GO was used as 

a precursor material (Fig. 6.1). Typically, 90 mg of GO was dispersed in 40 ml of ethylene 
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glycol with ultrasonication for 2 h. After that, 4 mmol of FeCl3 and 2 mmol of CoCl2.4H2O were 

poured into it and the mixed solution was kept under ultrasonication again for 3h. 

Subsequently, 1 g of polyethylene glycol (PEG) and 3 g of Sodium Acetate (NaOAc) were 

added followed by vigorous stirring for 1 h. The whole mixed solution was then transferred to 

a stainless-steel autoclave and heated at 200 C for 12 h. After reaching room temperature, the 

precipitated blackish product was collected from the autoclave and was separated with 

centrifugation several times with de-ionized water and ethanol. The final product, namely 

CoFe2O4/rGO (CF-rGO) was then centrifuged and dried at 60 C. For comparison purposes, 

pure CoFe2O4 (CF) was also synthesized under the same condition without adding GO. 

 

 

 

 

 

 

 

 

 

 

 

 

6.2.4 Material Characterization 

The X-ray powder diffraction (XRD) patterns for the samples were carried out by a Bruker D8 

advanced diffractometer, equipped with Cu Kα (λ=1.54059Å) radiation with 2 in the range of 

20- 80ᴏ with a step size of 0.0199. The external surface morphologies of the as-prepared 

samples were analyzed by a field emission scanning electron microscope (FEI INSPECT F50) 

operated at 10 kV. The Raman spectroscopy data were recorded using a Raman microscope 

(HORIBA, Lab RAM, HR800) at room temperature over a range of 500-2500 cm-1. Fourier-

transformed infrared (FTIR) spectroscopy was performed at ambient temperature by a Perkin–

Elmer FTIR spectrum RXI spectrometer in transmittance mode in the range 500-4000 cm-1. 

For FTIR measurement, samples were mixed with KBr powder and pressed into pallets 

applying hydraulic pressure. The background correction was done with respect to KBr pallets. 

Fig. 6.1. Schematic of the in situ synthetic route for the CF-rGO nanocomposites. 
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The elemental composition of as-prepared CF-rGO was investigated by X-ray photoelectron 

spectroscopy (XPS; Omicron, serial no:0571). For XPS measurement, an aqueous dispersion 

solution of CF-rGO was prepared and spin-coated onto a silicon substrate followed by air 

drying. The magnetic measurement was carried out by a vibrating sample magnetometer (Lake 

Shore Cryotronics, USA) at room temperature in the range ±2 Tesla. 

 

6.2.5. Adsorption studies 

The adsorption experiments were carried out in a batch. 30 mg of the as-synthesized adsorbent 

was added into 50 ml MB solution (10 mg/l) and stirred under dark condition. At a pre-decided 

time, the concentration (Ct) of MB solution, from which the adsorbent was taken out by 

magnetic separation was studied through the measurement of the absorbance at 664 nm (λmax 

of MB solution) using a Shimadzu UV-2550 UV-vis spectrophotometer.  

The adsorption amount qt (mg.g-1) is calculated based on the following equation:  

qt = [(C0-Ct) × V] /m                            (1) 

in which qt is the amount of adsorbed MB molecules on the adsorbent per gram, C0 and Ct 

(mg/l) are the concentrations of the MB solution at the initial time t=0 and adsorption time t, 

respectively. V (l) is the initial volume of the MB solution and m (g) is the mass of the 

adsorbent.  

The percentage removal efficiency, RE was calculated using: 

% RE= (C0 -C t) / C0 × 100                 (2) 

 

6.3. Results and Discussions 

6.3.1. XRD 

Powder XRD measurements were carried out to examine the structure of the synthesized 

nanomaterials. The XRD spectra of CF and CF-rGO composite particles have been shown in 

Fig. 6.2a. Both pure CF and the CF-rGO composite showed five distinct diffraction peaks. The 

characteristics peaks at 2θ values of 30.2ᴏ, 35.5ᴏ, 43.1ᴏ, 57.2ᴏ, and 62.7ᴏ were assigned to the 
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220, 311, 400, 511, and 440 crystallographic planes of CoFe2O4. All primary diffraction peaks 

of CoFe2O4 are linked together by a single-phase cubic spinel structure. The presence of an 

intense sharp peaks in XRD data indicates that the material is very crystalline in nature. 

Additionally, no extra peak is seen, which supports the nanoparticle's purity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The XRD spectrum of GO (Fig. 6.2c) shows the distinctive GO peak near 11.5ᴏ, which 

represents the 001 crystallographic plane. A weak peak near ~ 42ᴏ may have arised due to 

defects in the GO sheets. Fig. 6.2a makes it evident that in the case of the composite, there are 

no other notable graphene-related peaks other than the primary peaks of CoFe2O4 as indicated 

above. The absence of the rGO-related diffraction peaks may also indicate that the rGO in the 

composite material has completely exfoliated, from which it may be deduced that restacking 

has been successfully avoided. A diffraction peak disappears or weakens if the regular stacking 

of rGO is reduced. The crystallinity of CoFe2O4 was not harmed by the addition of graphene 

as evidenced by the absence of any graphene peak. The performance of the adsorptive process 

is favoured by this exfoliation of rGO in the composite material. 

 

Fig. 6.2. (a) XRD patterns of CoFe2O4, and CoFe2O4-rGO (b) FTIR spectra of GO 

and CF and CF-rGO composite. (c) XRD spectrum of graphene oxide. 
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6.3.2. FTIR 

Fourier transform Infrared spectroscopy was carried out to investigate the functional groups 

within the prepared samples. Fig. 6.2b depicts the FTIR spectra recorded for the prepared 

samples between 500-4000 cm-1. It can be noted that the GO spectrum contains various 

exogenous functional groups connected to the graphite lattice. Stretching vibrations of the 

epoxy (C-O) functional group were noticed at 1045 cm-1. The appearance of a peak at 1365 

cm-1 may be due to the presence of a tertiary C-OH group. One more characteristic peak at 

1609 cm-1
 is related to skeletal vibrations which come from the primitive (C=C) graphitic 

network. C=O stretching vibration of sp3 carbon ascribed to carboxyl COOH groups located at 

the edges of graphite oxide sheets was noticed at 1723 cm-1. The band at 3335 cm-1 was 

associated with the stretching vibrations of hydroxyl groups, respectively. FTIR spectrum of 

GO is very much matched with the previous literature [22, 23]. In the case of both CF and 

composite, the broad bands around 3000-3500 cm-1 are linked with the O-H stretching vibration 

and the one at 1650 cm-1 is connected with the corresponding bending vibration. Moreover, in 

each case, a strong band at 556 cm-1 is ascribed to the metal-oxygen bond. Also, for the 

nanocomposite, the absence of absorption peak (C=O) and declination of (C-O and C-OH) due 

to oxygen groups confirms the successful reduction of GO in the synthesis process. A peak 

noted at 1609 cm-1 for GO specifying C=C skeletal vibration of the un-oxidized graphitic lattice 

was red-shifted to 1590 cm−1 confirming upholding the aromatic structure in rGO. 

6.3.3. SEM 

By using a scanning electron microscope (SEM), the exterior surface morphology and structure 

of the synthesized samples were further investigated. The representative SEM image of 

CoFe2O4 as observed in Fig. 6.3a,b in different magnifications depicts morphological 

appearance to be almost spherical.  

Fig. 6.3d,e demonstrate how the CoFe2O4 nanoparticles are dispersed across the randomly 

arranged graphene planar sheet, simultaneously producing a large number of pores with a high 

active surface area. This type of hybrid construction with a high porosity is useful for enhancing 

dye adsorption. Additionally, the CoFe2O4 nanoparticles may not aggregate as a result of the  
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graphene sheets, leaving more active sites available for additional adsorption. The graphene 

sheets also show considerable wrinkling, which strengthened the contact region with cobalt 

ferrite phases. An elemental analysis of the CF-rGO nanocomposite was also done. Fig. 6.3c,f 

depicts the EDS of the CoFe2O4 nanoparticles and CoFe2O4/rGO composite respectively. The 

presence of Co, Fe, O in CoFe2O4 and Co, Fe, O and C in the composite is clearly visible. The 

above observation validates that the nanocomposite is a combination of CoFe2O4 and graphene. 

6.3.4. XPS 

The elemental composition and functional groups of the CF-rGO composite were studied using 

XPS measurement. Fig. 6.4a exhibits the characteristic peaks of the as-prepared CF-rGO where 

no extra peaks were observed other than the peaks associated with the binding energy of O, C, 

Fe, and Co. For the sake of investigation of surface functionalities, the high-resolution 

spectrum of the C 1s regions are fitted into four component peaks as depicted in  

 

 

 

Fig. 6.3. SEM image of CoFe2O4 (CF) nanoparticles with scalebar 3 m (a), and scalebar 500 nm 

(b) SEM image of CF-rGO nanocomposite with scalebar 1 m (d) and 500 nm (e) EDS spectrum of 

CF nanoparticles (c) and CF-rGO nanocomposite(f). 
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Fig. 6.4b, which are associated with sp2 carbons (C=C, 284.35 eV), epoxy groups (C–O, 286.77 

eV), carbonyl groups (C=O, 287.76 eV) and carboxyl groups (O–C=O, 288.13 eV). It can be 

observed that contributions from the functional group related to the oxygen-containing carbon 

in the CF-rGO were much reduced and the relatively higher percentage of graphitic carbon 

established the graphitic nature of the CF-rGO nanocomposites [24]. In the spectrum for Co 2p 

(Fig. 6.4c), it was observed that the first two peaks associated with the binding energies at 

around 779.03 and 785.77 eV are related to Co 2p3/2 and its shake-up satellites, respectively, 

on the other hand, the peaks with higher binding energy around 795.39 and 802.02 eV were 

associated with Co 2p1/2 and its shake-up satellites, respectively. The presence of a large 

number of Co2+ ions in the sample was confirmed by the sharp Co 2p3/2 shake-up satellite 

Fig. 6.4. XPS spectra of the CF-rGO nanocomposites showing (a) wide-scan survey 

(b) C 1s (c) Co 2p and (d) Fe 2p spectra. 
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because the low-spin Co3+ cation only produces significantly weaker satellite features than the 

high-spin Co2+ associated with unpaired valence 3d electron orbitals [25]. Finally, in Fig. Fig. 

6.4d, two peaks of a Fe 2p level with binding energies of 710.03 and 723.51 eV were associated 

with Fe 2p3/2 and Fe 2p1/2, respectively. This result confirms the presence of Fe3+. All the 

findings subsequently approved the presence of CF nanoparticles on the surface of graphene 

sheets without any extra element [4]. 

6.3.5. Magnetic property 

Using a Vibrating Sample Magnetometer (VSM) with an applied magnetic field in the range 

of ±2 Tesla (20 kOe), the magnetic characteristics of as-prepared CF nanoparticles and CF-

rGO nanocomposite were investigated at room temperature (300K). Fig. 6.5 depicts the M-H 

curves of these synthesized CF and CF-rGO samples showing ferrimagnetic behaviour. The 

saturation magnetizations (Ms), retentivity (Mr) and coercivity (Hc) values of CF nanoparticles 

are 48 emu g-1, 21 emu g-1 and 1.9 kOe respectively. Whereas the Ms, Mr and Hc values of CF-

rGO nanocomposite are 27 emu g-1, 7 emu g-1 and 0.6 kOe respectively. These values are also 

listed in Table 1. 

Generally, the exchange interaction between tetrahedral and octahedral sub-lattices and site 

occupation can be employed to illustrate the reduction in saturation magnetization [26]. In 

spinel ferrite systems, net magnetization arises due to three types of magnetic interactions 

between tetrahedral and octahedral site ions, viz. A-A, B-B and A-B interaction. Compared to 

the other two interactions, the A-B interaction is dominant [26,27]. Additionally, certain Fe3+ 

ions are replaced by rGO in the octahedral B sites of the nanocomposite material. As a result, 

the incorporation of rGO in cobalt ferrite reduces the saturation magnetization value. The 

nanocomposite's magnetic properties suggest that it can be easily isolated from the solution 

phase as an adsorbent within a few minutes by applying an external magnetic field as depicted 

in the inset of Fig. 6.5. 
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The study of the magnetic property thus shows that the obtained CF-rGO heterostructure 

adsorbent has the advantage of being magnetically separable after the dye removal procedure, 

making its subsequent reuse possible. 

 

Table 6.1. The Saturation Magnetization (Ms), Retentivity (Mr), coercivity (Hc) and Remanence ratio 

(Mr/Ms) values of CF nanoparticle and CF-rGO nanocomposite. 

 

Sample Saturation 

Magnetization (Ms) 

(emu.g-1) 

Retentivity 

(Mr) 

(emu.g-1) 

Coercivity 

(Hc) 

(kOe) 

Remanence 

ratio 

(Mr/Ms) 

CF 48 21 1.9 0.44 

CF-rGO 27 7 0.6 0.26 

Fig. 6.5. M-H Curve of (a) CF nanoparticles and (b) CF-rGO nanocomposite at temperature 

300 K with an applied magnetic field between ±2 Tesla. The inset shows a magnetic 

separation of the CF-rGO nanocomposite particles using a magnet. 
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6.3.6. Adsorption Property  

The adsorptive removal of MB dye as a model pollutant was studied in the presence of CF and 

CF-rGO as adsorbents. As the concentration of MB solution is proportional to its absorption of 

light, the adsorption process was carried out by investigating the change in the absorption 

spectrum of MB in aqueous solution with the help of a UV-Vis spectrophotometer. The time-

dependent absorption spectra of methylene blue solution in the presence both adsorbents is 

shown in Fig. 6.6a,b. A typical MB absorption spectrum shows a high monomeric absorption 

band associated with the wavelength around 662 nm, which refers to the π-π* transition, and a 

broadened peak at about 610 nm, which corresponds to the 0-1 vibronic transition of methylene 

blue monomer [28]. The maximum intensity of the band at 662 nm was used to analyze 

adsorption capability. The absorbance intensity at 662 nm began to diminish with time after 

the adsorbents were added to the MB solution. It can be observed that the concentration of MB 

(the initial concentration being 10 mg/l) decreased in an ordered way with the addition of CF 

and CF-rGO composite.  

In the case of bare CF nanoparticles, the percentage of MB dye removal efficiency was found 

to be 24% in 180 min time, whereas for the CF-rGO composite, the efficiency was found to be 

93% in the same amount of time. From the time-dependent adsorption capacity plot (Fig. 6.6c), 

it can be seen that pure CF exhibits meagrely adsorption performance compared to CF-rGO 

which shows enhanced adsorption activities with the introduction of rGO. Methylene blue with 

negatively charged groups was used in this study. In an MB solution, the adsorption amount of 

MB on CF-rGO was 15.5 mg.g-1 within 30 min time. Thus showing better adsorption activity 

than bare CF nanoparticles where the adsorption amount of MB on CF was less than 4 mg.g-1 

in 180 min time. It is noteworthy that the adsorption properties of MB molecule on the 

composites are faster in the first 30 min. Afterwards, the increase is slow with time. 

The pseudo-second-order kinetic model is used to investigate the kinetics behavior of MB 

adsorption on the nanocomposites, which is defined as follows [29] [30]:  

t / qt=t / qe+1/ k2 qe
 2                         (3) 

where qe (mg.g-1) is the adsorption amount at equilibrium, the parameter k2 (g.mg-1.min -1) 

represents the pseudo-second-order rate constant of the kinetic model. 
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The qe and k2 can be calculated from the slope and intercept of the linear plot of t/qt vs. t. The 

plot of t/qt versus t for the CF-rGO sample showing excellent adsorption properties is shown 

in Fig. 6.6d. The calculated values of qe and k2 from the plot are respectively 18.5 mg.g-1 and 

0.436 g.mg-1.min-1. 

The possible adsorption mechanism of MB on CF-rGO nanocomposites is illustrated in Fig. 

6.7a. The high adsorption performance of the nanocomposites comes from the rGO. The 

enhanced performance of the CF-rGO is mainly related to the π-π stacking between dye 

Fig. 6.6. Time-dependent absorption spectra of methylene blue solution in the presence of 

the adsorbents: (a) CF nanoparticles and (b) CF-rGO heterostructures. (c) The time-

dependent adsorption capacity of both the adsorbents. (d) Plot of pseudo-second-order 

kinetics in case of CF-rGO for the adsorption process of MB. 
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molecules and π-conjugation regions of the rGO. Furthermore, the adsorption of MB molecules 

over the adsorbent takes place via electrostatic interaction at the carboxyl and hydroxyl groups 

present on the CF-rGO, with reported interaction preference towards the carboxyl group as it 

has stronger electronegativity. The incorporation of CF nanoparticles benefits by enhancing 

the adsorption activity of the nanocomposite material since it assists in the exfoliation and 

unfolding of rGO wrinkled sheets and prevents the agglomeration of rGO sheets [30], which 

in turn increases the active surface area as well as surface adsorption. 

 

 

 

 

 

 

 

 

6.3.7. Recyclability of CF-rGO for dye adsorption  

Recyclability is a major parameter for an adsorbent material for practical applications. The 

reason for that is adsorbents are costly and it can turn into a secondary pollutant to the 

environment if not reused. Therefore, it is important to investigate the reusability of adsorbent. 

In this study, the used CF-rGO adsorbent can be eliminated with the help of the external 

magnetic field, and then cleaned with ethanol for 30 min. under magnetic stirring and reused 

for MB adsorption. The aforementioned procedure was repeated five times. The adsorption 

capacity after each cycle is shown in Fig. 6.7b. It can be noted that the removal efficiency for 

MB at the end of the first cycle is close to 93%. Even after 4th cycle of regeneration, the removal 

efficiency for MB was 82%. At the end of 5th cycle, it reached 78%. Within this recycling 

process of the adsorbents, the adsorption properties get reduced because of the π-π stacking 

interaction between MB molecules and rGO. Therefore, it is tough to completely liberate MB 

molecules from the surface of the adsorbent in the washing process which in turn eliminates 

Fig. 6.7. (a) Schematic diagram of the possible mechanism of adsorption of MB on CF-rGO. 

(b) Recyclability test of CF-rGO for MB dye adsorption. 
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active sites on the surface that hinders further adsorption of MB molecules. The performance 

of the CF-rGO in the first four cycles revealed that the nanocomposite has excellent 

recyclability and stability. Additionally, the easy segregation of CF-rGO adsorbents from water 

by an external magnet is beneficial for industrial applications by avoiding secondary pollution 

at the time of wastewater treatment. 

6.4. Conclusions 

In summary, the magnetic CF-rGO nanocomposite adsorbents for MB adsorption were 

successfully prepared via a simple solvothermal process. The results of adsorption experiments 

demonstrated that the CF-rGO showed improved performance for the removal of MB dye from 

water compared to bare nanoparticles. The maximum adsorption capacity for the composite 

was found to be 15.5 mg.g-1  which can also be easily segregated under an external magnetic 

field due to its high saturation magnetization. The adsorption data for the CF-rGO were well-

fitted with the pseudo-second-order kinetics model. The regeneration of magnetic CF-rGO 

adsorbent was done and was further used for five consecutive cycles to remove MB dye. Thus, 

the magnetically separable CF-rGO nanocomposite can behave as an excellent adsorbent 

material in the area of wastewater treatment techniques without creating secondary pollutants.  
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CONCLUSION AND FUTURE 

PERSPECTIVE 

 

 

In this chapter, the summary of all the different work of this thesis is presented. The 

concluding remarks and future directions of the present work have been discussed. 
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7.1 Conclusion 

 This thesis presents a detailed work on the development and characterization of graphene-

based spinel ferrite nanocomposite materials and doped graphene material for application in 

the field of waste water treatment and energy storage. The photocatalytic and adsorptive 

removal of methylene blue (MB) dye by MnFe2O4/rGO and CoFe2O4/rGO have been 

presented. On the other side, for energy storage applications, electrochemical properties of 

solvothermaly prepared MnFe2O4/rGO and N-doped rGO have been investigated and 

presented. The samples were thoroughly characterized by various techniques such as XRD, 

SEM, TEM, FTIR, RAMAN, spectroscopy, VSM, SQUID, XPS etc. For MnFe2O4/rGO and 

nitrogen-doped rGO, electrochemical performances were investigated in the conventional 

three-electrode system. The crucial findings drawn from the present work can be represented 

as follows. 

In our first work, the photocatalytic performances of MnFe2O4 nanoparticles and MnFe2O4 

/rGO heterostructures synthesized using chemical co-precipitation method were investigated 

for methylene blue dye degradation. The XRD, FTIR, and Raman results confirmed the 

formation of cubic spinel MnFe2O4 and MnFe2O4 /rGO heterostructure. The SEM and HR-

TEM images showed the formation of sphere-like MnFe2O4 nanoparticles well attached on the 

rGO nanosheets with reduced agglomeration compared to bare MnFe2O4 nanoparticles. The 

dye degraded by 84% in the presence of MnFe2O4 after UV light irradiation of 290 min, while 

97% of it degraded in merely 60 min time in case of MnFe2O4 /rGO heterostructure. Also, the 

rate constant corresponding to the pseudo-first-order kinetics equation in case of the 

heterostructure was 10 times higher than that of the bare MnFe2O4 particles. To conclude, the 

cubic spinel MnFe2O4 /rGO heterostructures showed enhanced photocatalytic efficiency than 

the bare MnFe2O4 nano-particles which can be used as an effective photocatalyst for MB dye 

degradation. Hydroxyl radicals played a key role in the MB dye photodegradation process in 

case of MnFe2O4 /rGO. In addition, the superparamagnetic nature of this photocatalyst gives it 

an added advantage which makes it re-useable further by magnetically separating it from the 

dye solution after the purification process. 

In our second work, nitrogen-doped graphene (N-rGO) was prepared by a facile single-step 

solvothermal approach using DMF which acts as a nitrogen source and reducing material 

simultaneously. This method is advantageous over other conventional methods as it does not 

require highly corrosive and toxic elements such as NH3 and is free from any kind multiple 
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complex steps for nitrogen doping. EDX spectrum, FTIR and XPS characterization gave the 

confirmation about the incorporation of nitrogen in graphene sheets. The electrochemical 

properties of the N-rGO were analysed using cyclic voltammetry (CV), Galvanostatic charge 

discharge (GCD) and electrochemical impedance spectroscopy (EIS). The electrode prepared 

from N-rGO exhibits excellent charge storing property with a specific capacitance of 516 Fg-1 

at a scan rate of 2 mVs-1 in 1.0 M Na2SO4 aqueous electrolyte solution. Such remarkable 

electrochemical performance of our synthesized N-rGO can be ascribed to the interconnected, 

porous nanosheets with reduced restacking and hence highly available surface area, good 

conductivity and wettability. The EIS data for N-rGO depicted good capacitive behaviours and 

corresponding relaxation time constant of 0.4 s signifying its faster response time. In addition, 

our electrode material was found to have good cyclic performance (89% capacitance retention 

after 5000 cycles) and almost stable Coulombic efficiency. Thus, the N-doped graphene 

prepared using this single step method has the potential for its use in advanced energy storage 

applications. 

In our third work, manganese ferrite nanoparticles and its nanocomposite with graphene 

(MnFe2O4/rGO) have been prepared by simple facile single step solvothermal method and have 

been explored as a high-performance electrode material for supercapacitors. XRD spectra 

confirmed, the prepared materials were crystallized with cubic spinel structure. FTIR ad XPS 

revealed the reduction of functional groups of GO i.e formation of rGO and development of 

the MnFe2O4/rGO composite. Raman analysis once again proved the formation of GO and 

MnFe2O4/rGO composite. FESEM images depicts the morphology of the prepared products, 

MnFe2O4 nanoparticles loaded over graphene sheets were observable from the images.  

The electrochemical properties of MnFe2O4/rGO nanocomposite were also analysed using CV, 

GCD and EIS. The experimental results showed that MnFe2O4/rGO nanocomposites have 

better electrochemical performance in comparison with the bare component MnFe2O4 

nanoparticles. Graphene in the composites took an important role in providing better 

conductivity as well as heterostructure and improving the electrochemical property of 

MnFe2O4/rGO nanocomposites. The specific capacitance of MnFe2O4/rGO composite 

electrode reached to 253 Fg-1 at current density of 10 Ag-1. Furthermore, the MnFe2O4/rGO 

composite exhibited significantly reduced charge transfer resistance compared to bare 

nanoparticle. Additionally, even after 5000 cycles, the charge/discharge stability of 

MnFe2O4/rGO electrode dropped by only 4%, indicating reduced ‘cycle fatigue’. Due to the 
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superior electrochemical performance of MnFe2O4/rGO nanocomposite, it can be considered 

as a favourable material for supercapacitors applications. 

In the next work, a facile solvothermal method was utilized to effectively prepare the magnetic 

cobalt ferrite nanoparticles and its nanocomposite with graphene (CF-rGO) adsorbents for MB 

adsorption. When it came to extracting MB dye from water, CF-rGO performed better than 

bare nanoparticles, according to the outcomes of adsorption tests. It was found that the 

composite has a maximum adsorption capacity of 15.5 mg.g-1. Because of its high saturation 

magnetization, it can also be readily separated by an external magnetic field. For the CF-rGO 

adsorbents, the pseudo-second-order kinetics model provided a good fit to the adsorption data. 

The regeneration of magnetic CF-rGO adsorbent was done and was further used for five 

consecutive cycles to remove MB dye. Thus, the magnetically separable CF-rGO 

nanocomposite can behave as an excellent adsorbent material in the area of wastewater 

treatment techniques without creating secondary pollutants. 

 

7.2 Future prospects of the work. 

For prepared samples, some more characterization can be done to further analyse these 

materials. Brunauer-Emmett-Teller (BET) method can be used to analyse the surface, as it is 

one of the most important parts of wastewater treatment as well as in electrochemical 

performance. To further explain the specific capacity decrease in cycling performance, SEM 

and TEM of the samples after the cycling test can be done to study the morphology changes. 

XPS, FTIR and Raman spectroscopy of the samples after cycling performance can be tested 

and used to analyze the chemical and functional group change. For all the graphene-based 

composite, different graphene and iron compound ratios can be used to synthesize the 

composite materials and study the optimum graphene spinel ferrite composite ratio for both 

applications. Further two electrode based electrochemical performances of the sample can also 

be done for evaluating practical applications. With the large surface area of graphene and good 

photocatalyst properties of spinel ferrite, these nanocomposite materials have the potential for 

applications in the degradation of synthetic dyes in solutions. In this work, removal/degradation 

of MB was only studied for wastewater treatment. The adsorption or photocatalytic removal of 

other dyes could also be studied using the composite materials we reported. 



 

 

APPENDIX I 

 

Synthesis and Characterization of the 

nanocomposite GO@α-Fe2O3: Efficient 

Material for Dye Removal 

 
In this work a composite of Graphene Oxide (GO) supported α-Fe2O3 nanoparticles (GF) has 

been synthesized via a simple co-precipitation method. Structural, and morphological study of 

nanocomposite (GF) are examined by powder X-ray diffraction (PXRD), field emission 

scanning electron microscopy (FESEM) and Transmission electron microscopy (TEM). The 

XRD study indicates that Graphene oxide is implanted with well crystalline α-Fe2O3 which has 

a pure rhombohedral phase. Surface morphological study of SEM depicts sphere-like shaped 

α-Fe2O3 particles with the formation of clusters embedded on graphene oxide nanosheet. TEM 

image reveals that GO sheet acts as a good supporting material for anchoring nano sized α-

Fe2O3 particles. The efficiency of dye removal of the prepared GF composite has been 

measured by the degradation of methylene blue (MB) in an aqueous solution under visible light 

irradiation. The degradation of the dye has been evaluated by UV-visible spectroscopy, by a 

decrease in the intensity of absorbance and concentration. The degradation efficiency of GF is 

found to be 90% towards MB. 

 

 

 

 

Work published in AIP Conference Proceedings. 1953 (1) (2018), p.030173 

https://doi.org/10.1063/1.5032508 
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1.Introduction 

In recent years, textile dyes have been found as one of the most hazardous pollutants of water. 

Generally, these dyes contribute to pollution as they are normally present in the effluents from 

the textile, leather, food processing, cosmetics and paper industries. The photocatalysis 

technique, which is a capable, efficient, easily available and green environmental method, has 

received worldwide attraction for degradation of dyes from wastewaters. Therefore, 

tremendous efforts have been focused on photocatalysts. The α-Fe2O3 nanomaterial has been 

identified as such a photocatalyst due to its excellent properties, such as high chemical stability, 

high catalytic activity and low cost. The electrons of α-Fe2O3 get excited from valance band to 

conduction band when they absorb visible light. These excited electrons and the corresponding 

holes activate the chemical process and enhance the reaction [1]. To get improved 

photocatalytic activity of α-Fe2O3, it’s expected to achieve higher surface area. A 2-D material 

like graphene with higher specific surface area, when decorated with α-Fe2O3 can increase the 

photoactive surface; hence, improve the photocatalytic activity. Graphene, a monolayer of 

carbon atoms with a tight packing of honeycomb lattice, has attracted immense research 

interest in nanotechnology in recent years [2]. Graphene exhibits outstanding properties such 

as very low resistivity, high mobility of charge carriers, very good optical, and electrical 

properties [3,4]; which has been found to be very useful in a variety of technological 

applications, including photocatalysis [5]. GO was proven to be an effective and reliable 

precursor to produce graphene nanosheets owing to its low cost and massive scalability [6]. 

Moreover, functionalized graphene based materials can be prepared via chemical modification, 

which show unique electronic as well as optical properties. Many studies have claimed that 

Graphene based composites have improved the rate of light absorptivity. This work deals with 

the synthesis of GF nanocomposite for demineralization of MB under visible light irradiation. 

 

2. Experimental 

The α-Fe2O3 nanoparticles were prepared using iron chloride hexahydrate (FeCl3.6H2O) as 

precursor and NaOH solution as precipitator. For the synthesis of the nano composite all 

chemicals were of analytical grade and were used as received without further purification. 

Sample GF was synthesized by a simple co-precipitation method according to the following 

manner. For the implantation of GO sheets with α-Fe2O3 nano particles, first GO was 
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synthesized by the established Hummers’ method [7]. Then GO (200 mg) was dispersed in 

distilled water and kept under ultrasonication for 2h, and then a homogeneous aqueous solution 

of (FeCl3.6H2O) was added and kept under ultrasonication for another 1h. Then the whole 

system was placed on the hot plate of magnetic stirrer and kept under vigorous stirring for 2h. 

A solution of NaOH was added to the solution drop wise. The obtained solution was washed 

with water and ethanol several times for purification and followed by separation by 

centrifugation (4000rpm). Finally, the solid was dried at 80 °C for 24 h to get the sample. 

Sample was characterized by powder X-ray diffraction (PXRD), field emission scanning 

electron microscopy (FESEM), Transmission electron microscope (TEM) and UV-VIS 

spectroscopy. Efficiency of dye (Methylene blue) degradation of the GF nanocomposite was 

investigated based on the photocatalytic activity under visible light irradiation. The 

photocatalytic experiments were carried out at room temperature. Of the sample, 5 mg of 

photocatalyst was added to 50 ml of 10 mg.l-1 dye aqueous solution. Before visible light 

irradiation, the mixed solution was magnetically stirred for 30 min in the dark to attain 

equilibrium and then kept in the photocatalytic chamber with continuous stirring. After that the 

light was turned on for irradiation. At certain time intervals and after some light irradiation 

processes, about 3 ml of solution were taken from the reaction solution, and centrifuged at 4000 

rpm for 5 min to remove the photocatalyst for analysis. For the duration of the photo catalytic 

process, the dye was decolorized, due to the photocatalytic activity. The percentage of removal 

was calculated using the following formula 

% Removal =
C0- Ct

C0
 × 100                                 (1) 

Where C0 is Initial concentration and Ct is Concentration at time t.  

 

3. Result and discussion  

The X-ray diffraction patterns (XRD) in the range 6°-80° of 2θ for GF is illustrated in Fig.A1. 

XRD analysis showed a series of diffraction peaks at 2θ of 24.12°, 33.09°, 35.60°, 40.79°, 

49.36°, 53.98°, 57.40° ,62.29°, 63.90°, 71.78° and 75.44° can be assigned to (012), (104), 

(110), (113), (024), (116), (122), (214), (300), (1010) and (220) planes, respectively 

corresponding to α-Fe2O3. All the diffraction peaks were unambiguously indexed to a pure 

rhombohedral phase of α-Fe2O3 (JSPDS Card no. 24-0072). The diffraction patterns are very 

well matched with the earlier work [8]. Moreover, the strong and sharp diffraction peaks 
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confirm the high crystallinity of the product. Appearance of a narrow hump around 13.40° of 

GO, confirms the implantation of GO with α-Fe2O3. 

 

 

 

 

 

 

 

 

 

Fig.A1. X ray diffraction pattern of GO@ α-Fe2O3 

 

Morphology and size of the nanoparticles are investigated by FESEM and TEM. The FESEM 

image demonstrates the α-Fe2O3 nanoparticles having spherical shape embedded on the 

graphene oxide sheets, as shown in Fig.A2a. SEM result shows that nanoparticles have been 

uniformly distributed on GO nanosheet which can produce a good electronic pathway for the 

photo-catalysis. The TEM image of α-Fe2O3 implanted on GO sheet infers the anchoring of α-

Fe2O3 particles on GO sheets, as shown in Fig.A2b. This image reveals that α-Fe2O3 particles 

are not loosely bound on GO sheet rather the GO sheet acts as a supporting material for 

anchoring α-Fe2O3 particles. 

 

 

 

 

 

 

 

 

 

Fig. A2. (a)FESEM image of GO@α-Fe2O3 (b) TEM image of GO@α-Fe2O3 
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The UV-VIS spectroscopy was used to analyse the optical properties and absorption 

wavelength of α-Fe2O3 and GF nanocomposite. Absorption arises from electronic transitions 

associated within the samples. The UV-VIS absorption spectra of the α-Fe2O3 and GF samples 

are shown in Fig.A3a. This shows an increase in the absorption spectra intensity in the visible 

light region for the composite compared to pure α-Fe2O3, which indicates that the carbon sheets 

could help to absorb much more UV-visible light. Thus the introduction of GO into the α-Fe2O3 

leads to a better utilization of UV-visible light almost without changing the spectral pattern of 

α-Fe2O3. Thus, the incorporation of GO could extend the light absorption rate, which facilitates 

higher degradation of the dyes faster than pure α-Fe2O3 [9]. Fig. A3b. Confirms that the 

removal rate of MB (10 mg/l) can reach upto 90%. The results reveal that the as-prepared GF 

exhibits excellent removal performance for MB dyes. The recombination rate of α-Fe2O3 is 

much higher, when it acts independently [10]. With the introduction of GO the recombination 

rate became quite lowered so higher the photocatalytic activity. 

 

 

 

 

 

 

 

 

 

Fig. A3. (a) UV-VIS absorption spectra of α-Fe2O3 and GO@α-Fe2O3 (b) UV-VIS absorption 

spectral change  of MB dye by GO@α-Fe2O3. 

 

In brief, we have successfully synthesized GO@ α-Fe2O3 by co-precipitation method. The 

structure and morphology of GF are examined by PXRD, FESEM and TEM. The 

nanocomposite showed higher intensity of UV-VIS spectra compared to α-Fe2O3. So, we used 

GF as photo catalyst for the degradation of MB. In our work, the efficiency for degradation of 

GF has been found to be 90% 
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A B S T R A C T   

The photocatalytic degradation of methylene blue dye (MB) has been investigated using bare manganese ferrite 
(MnFe2O4) nanoparticles and MnFe2O4 nanoparticles-decorated reduced graphene oxide heterostructures 
(MnFe2O4/rGO) under ultra-violet irradiation. The MnFe2O4 nanoparticles prepared using a facile co- 
precipitation method showed single-phase cubic spinel structure and superparamagnetic property. The 
MnFe2O4/rGO heterostructures showed the formation of sphere-like MnFe2O4 nanoparticles well-attached on 
rGO nanosheets with reduced agglomeration. The photocatalysis study shows that MnFe2O4/rGO had higher 
photocatalytic activity compared to bare MnFe2O4 nanoparticles. MB degraded by 84% in presence of MnFe2O4 
after UV irradiation of 290 min, while 97% of it degraded in merely 60 min in case of MnFe2O4/rGO hetero
structures. This is further confirmed by the well-fitted Langmuir-Hinshelwood Kinetics equation. This 
improvement in the photocatalytic activity of the heterostructure is attributed mainly to the retardation of the 
recombination process of photo-generated charge carriers. Hydroxyl radicals play the crucial role in the 
MnFe2O4-graphene system for MB photodegradation. Thus, MnFe2O4 nanoparticles-decorated reduced graphene 
oxide heterostructures can act as potential photocatalyst for degradation of hazardous organic dyes present in 
water.   

1. Introduction 

One of the major environmental concerns in pollution control is the 
removal of hazardous materials from water resources. The pollution of 
water resources by industrial effluents containing toxic dyes like, Congo 
red, Methyl orange, Methyelene Blue etc. have been a serious problem to 
the human health and environment. Most of the dyes are harmful due to 
the high toxicity and carcinogenicity due to their non-biodegradable 
aromatic structure [1]. Therefore, to control the pollution of water, 
elimination of these dyes from water is of utmost importance. Several 
methods and technologies have been developed to remove such organic 
dyes which include membrane treatment [2], adsorption [3], electro
chemical [4], biological method [5], ion-exchange method [6], photo
catalysis [7] etc. Among all these methods, photocatalysis has gained a 
huge interest in last few decades due to its low cost and simple execution 
[8]. Photocatalytic water treatment is a well-known advanced oxidation 
process in which the photocatalyst material with the production of 
electron-hole pair upon the irradiation with light, mineralize complex 

organic compound to mainly CO2, H2O, and other non-harmful inor
ganic materials [9]. 

Nowadays, spinel ferrite magnetic nanoparticles (with formula 
MFe2O4: M ¼ Zn, Co, Mn, Ni, etc.) have emerged as potential candidates 
for various applications such as energy storage, pollution control, drug 
delivery etc. [10–12], due to their excellent catalytic and magnetic 
properties and ease of fabrication [13,14]. Several different types of 
magnetic ferrites such as copper ferrite (CuFe2O4) [15], cobalt ferrite 
(CoFe2O4) [16] and manganese ferrite (MnFe2O4) [17] have been re
ported to exhibit excellent catalytic and photocatalytic activity. The 
spinel ferrites have a relatively narrow band gap (~2.0 eV) which makes 
them suitable photocatalyst candidates for degradation processes [18]. 
In addition, they can be easily separated from the polluted aqueous 
solution or reaction system with the application of an external magnetic 
field which has the added advantage of its repetitive use which is of 
great interest in wastewater management. Among all spinel ferrites, 
MnFe2O4 has attracted huge attention for application in pollution con
trol because of its low cost, non-toxicity, and high chemical stability 
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A B S T R A C T   

We report a single step dymethyleformamide (DMF) assisted solvothermally synthesized nitrogen-doped reduced 
graphene oxide (N-RGO) as a novel electrode material. DMF effectively acts as a nitrogen dopant cum reducing 
agent for graphene which remarkably enhances its electrochemical properties. X-ray diffraction (XRD), scanning 
electron microscopy (SEM), Raman spectroscopy, FTIR spectroscopy and X-ray photoelectron spectroscopy (XPS) 
were employed to characterize the structure and properties of the N-RGO. XRD study confirms effective 
reduction of GO in the N-RGO. SEM image shows the formation of fluffy and highly porous N-RGO. EDX, XPS and 
FTIR spectroscopic studies confirm the doping of nitrogen atom into the resultant material (N-RGO). The highest 
specific capacitance of N-RGO is found to be 516 Fg− 1 at a scan rate of 2 mVs− 1 along with a good cyclic stability 
and stable coulombic efficiency. Such a remarkable capacitive performance is attributed to its porous structure 
and effective nitrogen doping which facilitates the migration of electrolyte ions and provides abundant active 
sites for such electrochemical behaviour. The electrochemical impedance spectroscopy study showed a typical 
capacitive behavior of the N-RGO and a faster frequency response with a relaxation time constant of 0.4 s. Thus, 
the synthesized N-RGO using this simple, cost-effective, environment friendly method could be a potential 
candidate for high performance energy-storage applications.   

1. Introduction 

Today, the demand for a very fundamental requirement of mankind, 
energy is expected to increase significantly. The world energy assess
ment report estimates that consumption of global energy is going to 
reach about 27.6 terawatts (TW) by 2050 due to the population explo
sion and change in present lifestyle [1]. To achieve ever-increasing 
desired energy due to the fast gradual decrement of fossil fuel, global 
warming and pollution, researchers are forced to explore sustainable 
energy and efficient energy storage devices [2,3]. One of the different 
energy storage systems, supercapacitors are drawing huge attention 
because of their high power density, environmental friendliness, long 
operating life and product safety [2,4–6]. With respect to the process of 
charge storage and usage of the material for electrodes, supercapacitors 
are categorized mainly into two parts: electrical double-layer capacitors 
(EDLCs) and pseudo-capacitor. Generally, carbonaceous materials hav
ing excellent conductivity and large specific surface area are utilized as 

EDLC material in which the charge storage process occurs through the 
physical accumulation of charges electrostatically via non Faradaic 
process at the interfaces of electrode and electrolyte where there is no 
transfer of electrons. As this category is a surface process, it strongly 
depends on the electrode surface area which can be accessible to the 
electrolyte. On the contrary, redox operative metal oxides/sulfides/hy
droxides including conductive polymer composite materials have been 
employed as electrode material for Pseudo capacitors in which charge 
storage arises due to rapid electrochemical Faradaic reactions [7–11]. 

Graphene, a single atom thick sheet having a hexagonal honeycomb 
sp2-hybridized carbon atom network has been extensively used as EDLC 
material as it possesses good conductivity and a large surface area of 
approximately 2600 m2/g [12,13]. By and large, graphene-based 
supercapacitors are effective to attain capacitance of 550 Fg− 1 theoret
ically when the complete surface area is employed [14,15]. In a practical 
situation, graphene electrode exhibits a specific capacitance of 130–200 
Fg− 1 which is considerably lower than that of the theoretical value as 
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ABSTRACT
Aim: To develop a biocompatible cobalt ferrite (CF-NP) nanodrug formulation using oleic acid
and poly (D,L-lactide-co-glycolic) acid (PLGA) for the delivery of docetaxel (DTX) specifically to
breast cancer cells.
Methods: The CF-NP were synthesised by hydrothermal method and conjugated with DTX in a
PLGA matrix and were systematically characterised using XRD, FE-SEM, TEM, DLS, FTIR, TGA,
SQUID etc. The drug loading, in vitro drug release, cellular uptake, cytotoxicity were evaluated
and haemolytic effect was studied.
Results: The CF-NP showed good crystallinity with an average particle size of 21nm and ferro-
magnetic nature. The DTX-loaded CF-NP (DCF-NP) showed 8.4% (w/w) drug loading with 81.8%
loading efficiency with a sustained DTX release over time. An effective internalisation and anti-
proliferative efficiency was observed in MCF-7 and MDA-MB-231 breast cancer cells and negli-
gible haemolytic effect.
Conclusion: The DCF-NP can have the potential for the effective delivery of DTX for breast can-
cer treatment.
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1. Introduction

In recent times, magnetic nanoparticles have received
immense attention among the scientific community
owing to their distinct applications in magnetically
assisted wastewater treatment (Mandal et al. 2020),
biosensors (Rocha-Santos 2014), magnetic recording
media (Mohtasebzadeh et al. 2015) along with various
biomedical applications such as magnetic resonance
imaging (Wabler et al. 2014), hyperthermia (Mazario
et al. 2013), and drug delivery (Wang et al. 2012,
Tietze et al. 2015, Jauhar et al. 2016). Among various
types of magnetic nanoparticles, cobalt ferrite based
nanodrug delivery system has emerged as an attract-
ive drug delivery technique for improved cancer treat-
ment (Ansari et al. 2016, Dey et al. 2018). This is
because cobalt ferrite nanoparticles (CF-NP) have the
advantages of excellent biocompatibility, tuneable par-
ticle size, ease of surface functionalization, moderate
saturation magnetisation, large magnetic anisotropy
along with minimal toxicity (Ansari et al. 2016).

Recently, cancer has been identified as the most
fatal disease with an alarming mortality rate across the
globe. Based on the latest report from the
International Agency for Research on Cancer (IARC), in
2018, more than 18.1 million new cancer cases have
been diagnosed all over the world, with around 9.6
million deaths (Bray et al. 2018). Among all cancers,
breast cancer tops the list with the highest morbidity
and mortality counts among the women in western
countries. Even in India, breast cancer has secured 1st
rank among Indian females, with a mortality rate of
nearly 12.7 per 100,000 women (Malvia et al. 2017).
These figures signify the inefficiency of currently avail-
able treatment strategies to tackle the disease.
Multimodal treatment strategies including a combin-
ation of surgery, radiation therapy, chemotherapy
have failed to improve treatment outcomes in meta-
static breast cancer cases. Conventional chemotherapy
has the limitation due to the non-selective distribution
of anticancer drugs between cancer cells and healthy
cells, which in turn produces severe toxic effects
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