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Abstract 

Graphene based nanocomposites show many intriguing physical and chemical properties. 

Dye removal capacity and higher electrochemical capacitance with longer cyclic 

performance are two prominent arena of them. Binary nanocomposites of Mn-oxide and 

Sn-oxide with graphene, offering low cost, environmental benignity and easy synthesis 

procedure, constitute some of the ideal examples in this regard. Consequently, the 

graphene based ternary nanocomposites of these metal oxides could be an alternative 

material with greater potential, to serve the same purposes. Hence, in our present work, 

a ternary nanocomposite consist of graphene, Mn-oxide and Sn-oxide was synthesized 

by following a three step method. Graphene oxide (GO), obtained from graphite flake 

following Hummers method was introduced, first with Mn(CH3COO)2  and then with 

KMnO4 in water-isopropyl alcohol system to obtain GO/Mn-oxide nanocomposite. It was 

further stirred with SnCl2 in aqueous media furnishing a graphene/Mn-oxide/Sn-oxide 

ternary nanocomposite. The obtained mass was dried and then annealed under N2 inert 

atmosphere to achieve better crystallinity of nanoparticles and better reduction of GO. 

The synthesized materials were characterized using FTIR, FESEM, EDX, XRD and 

TGA. Dye removal capacity of the materials synthesized, were investigated with visible 

spectroscopy using MB as a model dye. After 75 minutes of interaction, with 5 mg sample 

in 5 ppm solution at pH 3, the ternary nanocomposite showed a specific adsorption 

capacity of 17.7 mg/g, while that of graphene/Mn-oxide and graphene/Sn-oxide binary 

nanocomposites, under same conditions, was 17.5 mg/g and 17.4 mg/g respectively; 

suggesting that, the binary and the ternary nanocomposites have almost same amount of 

surface area. It was also explored that, the ternary nanocomposite is more effective at its 

lower dose and in low pH solution. Electrochemical capacitive behaviour was 

investigated with CV, CP and EIS. As a capacitive material, at the current density of 0.5 

A/g, it showed a specific capacitance of 145.6 F/g, while under the same conditions, the 

graphene/Mn-oxide and the graphene/Sn-oxide binary nanocomposites showed 463.8 

and 178.3 F/g specific capacitance respectively. The low specific capaciatance of the 

ternary nanocomposite in comparison to the binaries was attributed to the different ratio 

of the oxide forms of metals on graphene and their nature. However, the ternary 

nanocomposite showed a higher discharging/charging time ratio, lower charge transfer 

resistance and after 500 cycles, it retained almost 84% of its electrochemical charge 

storage capacity. 
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1.1 Introduction 

The world, shaped as it is today by the progress of science and technological inputs and 

massive industrialization and civilization is marked by the emergence of new, 

increasingly surprising technological amenities along with various natural or 

environmental crisis and civic life limitations. Resolution of this crisis or limitations of 

society and civilization has always been the aim of research of the scientific community. 

They have devoted their efforts to find suitable solution through development of new 

technologies, new materials and their new applications. Development of new materials 

may lead us to more useful and effective utilization of the limited resources we have in 

our hand as well as unlock the potential of the utopian future we dream of today [1]. 

In the recent years, various natural disasters and climate change caused effects has drawn 

our attention to environmental pollutions. One of the major form of it is water pollution 
[2-3]. Availability of safe water has a deep impact on our life, society and state [4-5]. 

According to UNICEF, every year, on an average 250 million people worldwide succumb 

to diseases related to water pollution and 3000 children die every day around the globe 

from various diseases resulting from the lack of pure water. According to a survey done 

by Food & Water Watch cites that approximately 3.5 billion people in 2025 will face 

water shortage issues. This is likely to happen because the world pollution is increasing 

tremendously with more water sources getting contaminated from water pollution [6].  

 

 

 

 

 

Fig. 1.1- Polluted water running (a) through a river and (b) out of a sewage pipe 

To qualify as a developed country, for Bangladesh, water pollution is a great challenge 

against the target of ensuring safe water for total population [7]. Water pollution may be 

defined as any chemical or physical change in water, detrimental to living organisms. It 

has many sources. One of the major source of this pollution in Bangladesh is organic 

pollutants particularly dye from tannery and garments industry [8]. 

a b 
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Fig. 1.2- (a) A dye solution is being used in a tannery in Hazaribagh, Dhaka to colour 

animal skin and (b) later discharged to a nearby swamp [3] 

To prevent this damaging advancement, dye removal can be an effective way [9]. Among 

various materials, it has been observed that, nanoparticles or nanocomposites with their 

high surface area and catalytic activity are most effective in this regard [10]. The 

effectiveness is usually observed by conducting controlled experiment by taking active 

sample with a model dye e.g. methylene blue (MB) under different criterions and 

optimum conditions are established [11-15]. 

 
Fig. 1.3- High surface area of nanoparticle or composites compared to bulk materials [16] 

Another crying issue of our present time is the shortage of high capacity energy storage 

materials [17]. Nowadays most of our daily life instruments we rely upon e.g. smartphone, 

tablet PC, watch, laptop, car are battery i.e. energy storage material dependent. Limitation 

in charge storage capacity of this materials makes us suffer in various ways. Besides, the 

dream of energy efficient power system or the environmentally benign electric vehicles 

 

 

 

 

Fig. 1.4- (a) Electric car and (b) smartphone -two charge storage reliable device 

b a 

a b 
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of future is also largely dependent on the development of high capacity charge storage 

materials [18]. Nanocomposites has shown hope in this regard. 

Forming electrical double layer at electrode interface while immersed in an electrolyte 

solution the nanocomposites show capacitance known as electrical double layer 

capacitance (EDLC). Besides, they can also store charge by means of charge transfer 

process known as pseudocapacitance [19].  

 
Fig. 1.5- Electrical double layer formed at an electrode surface in electrolyte solution 

The both types of problem presented above have their own challenges and deserve 

attention to be resolved or alleviated. The utmost importance of this problems can be 

understood from their separate position as goal no. 6 and goal no. 7 among the goals for 

SDG, 2030 set up by United Nations (UN) in which Bangladesh is a model partner [20-21]. 

One common way to address these issues is developing new nanocomposite materials 

and explore there suitability in the areas of applications of interest. 

 

 

 

Fig. 1.6- SDG goal no. 6 and 7 set up by UN 

Nanocomposites are actually combination of two or more materials with all are present 

in significant proportions with each having at least one dimension in nanometer scale. In 

a nanocomposite structure, one serves as matrix while others are loaded on it. 

Nanocomposites are advantageous from several perspectives. They include the individual 
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nanoparticle properties, multifunctional capabilities and easy chemical functionalization 
[16]. The importance and popularity of nanocomposite has led to more than 13000 paper 

and 4000 patents on nanocomposites in last two decades [22]. 

 
Fig. 1.7- Synthesis of nanocomposite 

Graphene based metal oxide nanocomposites are recent addition among the class of 

nanocomposites. Graphene itself is a new material, developed only in 2004 by A. Geim 

and K. Novoselov [23-24]. It is, also called as ‘super carbon’ [25], is one-atom thick two-

dimensional sheet of carbon atoms fashioned in a honeycomb lattice and is considered as 

the future revolutionary material [26]. It has many unique properties including openness 

from both sides for reaction [27], large theoretical surface area (2630 m2/g) [28], high 

electron mobility (200000 cm2/Vs) [29], high Youngs modulus (~ 1TPa) [30], good optical 

transparency (~ 90%) [31] etc. However, it suffers from a serious drawback that pure 

graphene sheet tends to undergo crumpling [32]. This can be overcome by loading 

nanoparticles, specifically of metal oxides, one or two at a time, resulting to binary and 

ternary nancomposites respectively [33]. Graphene based manganese oxide or tin oxide 

binary nanocomposite constitute some of the ideal examples in this regards. Due to their 

low cost, environmental benignity and easy synthesis [34-35], they have drawn much 

attention of researchers and has been applied in dye removal and as electrochemical 

charge storage material. e.g.  

Qian et al. synthesized graphene/MnO2 by a polymer-assisted chemical reduction method 

in 2011 and investigated the capacitive properties of the MnO2/graphene composite by 

cyclic voltammetry (CV). The composite exhibited a high specific capacitance of 324 F/g 

in 1 M Na2SO4 electrolyte and also showed excellent long-term cycle stability [36]. 

Qu et al. synthesized graphene/MnO2 nanocomposite by treating graphene 

oxide/manganese sulfate with potassium permanganate followed by glucose reduction in 
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2013 and applied it in oxidative decomposition of MB in presence of H2O2. He showed 

that, 50 mL of MB of 50 ppm can be completely decolourized and nearly 66% 

mineralized at 50° C in 5 minutes with 10 mg of the nanocomposite [37]. 

Ye et al. reported a facile method to prepare MnO2/reduced graphene oxide (rGO) 

composites in 2013 and examined their applications as electrodes in flexible solid-state 

supercapacitors. The MnO2/rGO composite electrodes exhibited a good electrochemical 

performance with an area capacitance of 14 Fcm−2 at 2 mVs−1 and excellent stability [38]. 

Huang et al. in 2014 reported a MnO2/graphene nanocomposites synthesized through a 

simple route in a water-reflux condenser system. 60-MnO2/graphene composite (48 wt% 

MnO2) displayed the specific capacitance as high as 350 F/g at 1000 mA/g, which was 

almost two times higher than that of MnO2 (163 F/g). Furthermore, the composite 

exhibited excellent long cycle life along with ∼ 93% specific capacitance retained after 

5000 cycle tests [39]. 

Wen et al. proposed a facile method to prepare the MnO2-graphene composite in 2015 

with a sandwich structure. The MnO2-graphene electrode retained a capacity of 752 

mAh/g at a current density of 100 mA/g after 65 cycles [40]
. 

Wang et al. synthesized Mn3O4 embedded graphene nanocomposite in 2010 by mixing 

graphene suspension in ethylene glycol with MnO2 organosol. It exhibited a high specific 

capacitance of 175 F/g in 1M Na2SO4 electrolyte and 256 F/g in 6M KOH electrolyte, 

respectively [41]. 

Wang et al. synthesized porous Mn3O4–graphene nanocomposite, based on a convenient 

and feasible solution based synthetic route under mild conditions in 2012. He observed, 

the as-prepared Mn3O4–graphene nanocomposites exhibit remarkable pseudocapacitive 

activity including high specific capacitance (236.7 F/g at 1 A/g), good rate capability 

(133 F/g at 8 A/g), and excellent cycle ability (the specific capacitance only decreases by 

6.32% of the initial capacitance after 1000 cycles) [42]. 

Li et al. offered a facile, effective, energy-saving, and scalable microwave hydrothermal 

technique to grow well-crystallized Mn3O4-reduced graphene oxide (rGO) 

nanocomposites in 2012. The capacitance value of the nanocomposite, 153 F/g, was much 

higher than that of the bare Mn3O4 (87 F/g) at a scan rate of 5 mV/s in the potential range 

from −0.1 V to 0.8 V. A 200% increase in capacitance was observed for the 
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nanocomposite and no observable capacitance fading were found up to 1000 cycles [43]. 

Fan et al. synthesized Mn3O4/graphene composite in 2013 with the structure of Mn3O4 

nanoparticles anchored on graphene sheets was synthesized using facile one pot 

hydrothermal method. The Mn3O4/graphene nanocomposite exhibited a specific 

capacitance of 171 F/g in 1 M Na2SO4 aqueous electrolyte and a good rate property [44]. 

Yao et al. prepared Mn3O4−reduced graphene oxide (rGO) hybrids in 2013 and studied 

their catalytic performance in heterogeneous activation of peroxymonosulfate (PMS) to 

oxidize a target pollutant, in aqueous solutions. He observed that the combination of 

Mn3O4 nanoparticles with graphene sheets leads to a much higher catalytic activity than 

that of pure Mn3O4 or rGO. Typically, 30 mg/L of Orange II could be completely oxidized 

in 120 min at 25° C by 0.05 g/L of Mn3O4−rGO hybrids, showing a promising application 

of the catalyst in the oxidative degradation of aqueous organic pollutants [45]. 

Zhang et al. reported a general one-pot hydrothermal synthesis to prepare a 

nanostructured Mn3O4–reduced graphene oxide (rGO) hybrid in 2014. He demonstrated 

the application of the Mn3O4–rGO hybrid in heterogeneous activation of 

peroxymonosulfate (PMS) to degrade an aqueous organic pollutant and in LIBs. After 90 

min 100% decomposition were shown to achieve with 30 mg/L of Orange II, 0.05 g/L of 

Mn3O4–rGO, and 1.5 g/L of PMS. As an anode material of LIBs, the hybrid showed a 

high specific capacity up to 676 mAh/g after 100 cycles of a cycling performance test [46]. 

Antihos et al. synthesized rGO/MnO nanocomposite via exfoliation of graphene oxide 

with microwave radiation (mw rGO), in 2012. The 90% MnO–10% mw rGO (w/w) 

nanocomposite exhibited a capacitance of 0.11 F/cm2 (51.5 F/g by mass) and excellent 

capacity retention of 82% after 15,000 cycles at a current density of 0.5 A/g [47]. 

Xu et al. in 2015 reported a novel composite of polyhedral MnO (p-MnO) nanocrystals 

and reduced graphene oxide (rGO) nanosheets. As an anode material for LIBs, the p-

MnO/rGO electrode showed a reversible capacity of 988.6 mAh/g after 120 cycles at a 

current density of 100 mAh/g and delivered 591.1 mAh/g at a rate of 1600 mA/g [48]. 

Li et al. developed a one-step method to fabricate conductive graphene/SnO2 (GS) 

nanocomposites in acidic solution in 2009. Graphite oxides were reduced by SnCl2 to 

graphene sheets in the presence of HCl and urea with the growth of SnO2 nanoparticles. 

It showed a specific capacitance of 43.4 F/g at 100 mV in 1M H2SO4 
[49]. 
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Wang et al. in 2011 presented a simple solution-based synthesis route, to produce a 

SnO2/graphene nanocomposite. It was found that the optimum molar ratio of 

SnO2/graphene for electrochemical performance was about 3.2:1 (2.4 wt% of graphene). 

The composite delivered a charge capacity of 840 mAh/g (with capacity retention of 

86%) after 30 charge/discharge cycles at a current density of 67 mA/g [50]. 

Seema et al. developed rGO–SnO2 nanocomposite in 2012 via a redox reaction between 

graphene oxide (GO) and SnCl2. Graphene oxide (GO) was reduced to graphene (rGO) 

and Sn2+ was oxidized to SnO2 during the redox reaction, leading to a homogeneous 

distribution of SnO2 nanoparticles on rGO sheets. He observed the rGO–SnO2 composite 

showed an enhanced photocatalytic degradation activity for the organic dye methylene 

blue under sunlight compared to bare SnO2 nanoparticles [51]. 

Shanmugam et al. synthesized graphene-SnO2 nanocomposite in 2015 by coating SnO2 

nanoparticles on graphene sheets. The strong photocatalytic degradation of Methylene 

orange (MO) dye was analyzed using the G-SnO2 nanocomposite under the visible light 

irradiation  and showed that the nanocomposite can achieve 100% removal compared to 

65% of SnO2 [52]. 

Belmurugan et al. synthesized graphene/SnO2 nanocomposite by a simple wet chemical 

route in 2016. The electrochemical performances of SnO2/G nanocomposites towards 

supercapacitors were studied in 6M KOH electrolyte. A maximum specific capacitance 

of 818.6 F/g was obtained at 1 mV/s scan rate suggesting that the presence of graphene 

matrix in SnO2 nanoparticles have enhanced the electrochemical behaviour of SnO2. The 

galvanostatic charge/discharge studies confirmed the good cyclic stability [53]. 

Yan et al. developed, a very simple solution-based method to coat amorphous MnO2 onto 

crystalline SnO2 nanowires grown on stainless steel substrate in 2010 and observed its 

electrochemical performance.  A specific capacitance (based on MnO2) as high as 637 

F/g was obtained at a scan rate of 2 mV/s (800 F/g at a current density of 1 A/g) in 1 M 

Na2SO4 aqueous solution was observed. The energy density and power density measured 

at 50 A/g were 35.4 Wh/kg and 25 kW/kg, respectively, demonstrated the good rate 

capability. In addition, the SnO2/MnO2 composite electrode showed excellent long-term 

cyclic stability (less than 1.2% decrease of the specific capacitance was observed after 

2000 CV cycles) [54]. 
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In spite of so many efforts to explore the capacity of graphene based manganese oxide or 

tin oxide nanocomposites in dye removal or electrochemical charge storage, so far we 

could not find any work devoted to examine the effect of the combined presence of 

manganese oxide and tin oxide nanoparticles on graphene i.e. graphene/manganese 

oxide/tin oxide ternary nanocomposite. Besides, ternary nanocomposite of other metal 

oxides with graphene has shown superior behaviours [55-57]. Hence, this work has been 

devoted to synthesize a graphene based ternary nanocomposite of manganese oxide and 

tin oxide and explore their performance in the mentioned areas of application. 

1.2 Objectives 

The main objectives of the present work was to- 

(i)    Synthesize a Graphene/Mn-oxide/Sn-oxide ternary nanocomposite.  

(ii)    Evaluate the morphology of the synthesized nanocomposite. 

(iii)  Justify the potential of the nanacomposite in dye decolourization and specific 

   capacitance. 

(IV)  Present a new material for environmental pollution prevention with high 

   specific capacitance. 

1.3 Outline of the Work 

The ternary nanocomposite was synthesized using graphene oxide (GO) as precursor, 

following wet-chemical route. GO was synthesized from graphite powder following 

Hummers method [58]. Next, manganese oxide was grown on GO surface from reaction 

between manganese acetate and potassium permanganate using Isopropyl alcohol-water 

soft route. The manganese oxide furnished graphene oxide (GO) was converted to 

reduced graphene oxide (rGO) by introducing stannous chloride in its aqueous solution 

which at the same time converted itself into stannic oxide. The product was annealed 

under N2 inert atmosphere to increase the degree of crystallinity of the nanocomposite as 

well as to extend the degree of reduction of GO via thermal reduction. To compare the 

outcome of the rGO/Mn-oxide/Sn-oxide ternary nanocomposite, two corresponding 

binary nanocomposites namely rGO/Mn-oxide and rGO/Sn-oxide was also prepared. 

Fourier transform infrared spectroscopy (FTIR) was used to confirm the presence of 

relevant functional groups and bonds in the nanocomposites. Field emission scanning 

electron microscopy (FESEM) revealed their surface morphology where energy 

dispersive x-ray (EDX) was used for their elemental analysis. X-ray diffraction (XRD) 
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analysis detected the crystal phases of the nanocomposites and crystallite size and lattice 

parameters of the nanoparticles. Thermogravimetric analysis (TGA) showed the thermal 

stability of the nanocomposites. As a typical chemical behaviour, the effectiveness of the 

nanocomposites in organic pollutant removal was observed using UV-Vis absorption 

spectroscopy with methylene blue (MB) as a model dye. Initially, a stock solution was 

prepared, which was later used to prepare MB solution of the desired concentrations. The 

molar absorbance coefficient was calculated from calibration curve prepared for it. After 

establishing the equilibrium time of interaction for the ternary nanocomposite with MB 

solution, effect of contact time, pH and dose was studied with MB solution and the 

obtained results were compared with those of the binary nanocomposites obtained under 

same conditions. As an electrochemical behaviour, capacitive behaviour of the ternary 

nanocomposite was explored and was compared with its binary nanocomposites. A three 

electrode system including surface modified graphite electrode as working electrode, 

glassy carbon electrode as counter electrode and calomel electrode as reference electrode 

was used in an aqueous solution of sodium sulfate. Cyclic voltammetry (CV) was used 

to find the suitable potential window and chronopotentiometry (CP) was used to obtain 

specific capacitance. Cyclic stability was also studied for first few cycles using CP where 

electrical impedance spectroscopy (EIS) was used for understanding the electrochemical 

processes occurred at electrode surface and drawing equivalent circuit from it. 
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2.1 Graphene 

2.1.1 Introduction 

Graphene, a single atomic layer of carbon, is the first material of the class of two-

dimensional (2D) crystalline materials and the best studied carbon allotrope [1]. Graphene 

yields extraordinary thermal, mechanical, and electrical properties, which have long been 

the interest of many theoretical studies and has attained the central position as a 

‘miraculous’ material in the beginning of the 21st century [2]. 

 
Fig. 2.1- Crystal structures of the different allotropes of carbon - (left to right) diamond 

and graphite (3D); graphene (2D); nanotubes (1D); and buckyballs (0D) [1] 

 

The theory of graphene was first explored by P. R. Wallace in 1947 as a starting point for 

understanding the electronic properties of 3D graphite. The term ‘graphene’ was 

introduced by Hanns-Peter Boehm and first appeared in 1987 to describe single sheets of 

graphite as a constituent of graphite intercalation compounds (GICs) [3-4]. However, the 

credit of true discovery of graphene belongs to A. Geim and K. Novoselov who extracted 

single sheet graphene from 3D graphite using micromechanical cleavage technique in 

2004 and received noble prize in physics in 2010 for this breakthrough discovery [1, 5]. 

2.1.2 Structure and Properties 

Graphene is a one-atom-thick planar sheet of sp2-bonded carbon atoms in form of a 

honeycomb lattice, and it is essentially building-block material for graphitic materials 

such as fullerene, carbon nanotube and graphite [6]. 

 
Fig. 2.2- Sheet like atomic structure of graphene 
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Fig. 2.3- Graphene as a basic building-block material for graphitic materials such as 

fullerene, carbon nanotube and graphite [6] 

The 2s, 2px and 2py orbitals in each carbon atom of graphene are mixed with together to 

form three sp2-hybrid orbitals. Three sp2-hybrid orbital electrons form extremely strong 

in-plane σ-bonds with three nearest neighbor atoms in the basal plane of graphene. The 

fourth valence electron lies in the 2pz orbital that is oriented   perpendicular to the 

graphene plane and forms delocalized -bond, which leads to electrical conductivity [7]. 

Fig. 2.4- Schematic sp2-hybridized C-C bond structure of graphene containing in-plane 

σ-bonds and perpendicular π-bonds 

Graphene was first isolated from graphite by Geim and Novoselov at the University of 

Manchester in 2004. According to their study, graphene demonstrated ambipolar electric-

field effect with a high value of charge carrier mobility (~ 10,000 cm2V-1s-1) at ambient 

temperature [8]. It is reported that, graphene possess superior charge carrier mobility of 

2,00,000 cm2V-1s-1 at low-temperature for charge carrier density below 5 × 109 cm-2, 

which cannot be obtained in semiconductors or non-suspended graphene [9]. It has been 
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found that the charge carrier mobility decreases with the increase of layer of graphene 
[10]. The thermal conductivity measurements have shown that the suspended single-layer 

graphene sheet exhibits extremely high thermal conductivity value of 5000 Wm-1K-1 [11]. 

The measurements have shown that the white light opacity of a suspended single-layer 

graphene sheet is 2.3 ± 0.1% with a negligible reflectance (< 0.1%) whereas the opacity 

is independent of wavelength and increases linearly with the increase of the number of 

layers from 1 to 5 [12]. Besides, graphene exhibits other superior properties such as 

fracture strength (125 GPa) [13], Young’s modulus (~ 1100 GPa) [13], and large specific 

surface area (2630 m2g-1) [14]. 

2.2 Synthesis of Graphene 

Four most common routes for synthesis of graphene are mechanical exfoliation, epitaxial 

growth, chemical vapour deposition and reduction of graphene oxide, which are either 

top-down or bottom-up strategy. The top-down strategy is the breaking down of graphite 

into graphene and bottom-up strategy is the building up of graphene using carbon atoms. 

2.2.1 Mechanical Exfoliation 

In 2004, Geim’s group reported the exfoliation of monolayer graphene and transferring 

it onto a 300 nm silicon dioxide substrate using mechanical exfoliation technique [8]. In 

this method, an isolated graphene can be produced by peeling it off from highly oriented 

pyrolytic graphite (HOPG) using a Scotch tape. The advantage with this technique is that 

the individual graphene sheet prepared by this technique has high quality, while the 

disadvantage is that this technique is not suitable for large-scale production. 

2.2.2 Epitaxial Growth 

Epitaxial growth technique is one of the bottom-up strategies to produce graphene sheets. 

Generally, a silicon carbide (SiC) is heated to the temperature higher than 1000oC under 

ultra-high vacuum. In these conditions, the silicon atoms desorb from the surface of 

silicon carbide, and the carbon atoms left behind rearrange to create few layers of 

graphene [15-17]. The major advantages with this method are that it has potential to be used 

for large-scale production, and the epitaxial graphene on SiC can be used for immediate 

implementation in electronic devices. However, the epitaxial few-layer graphene grown 

on SiC substrate is not uniform on thickness and the electronic properties of the epitaxial 

graphene depend upon its thickness. 
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2.2.3 Chemical Vapour Deposition 

Chemical vapour deposition (CVD) technique is another bottom-up strategy to produce 

monolayer or few-layer graphene. Generally, carbon atoms can be segregated from 

hydrocarbon gas (for example, CH4 or C2H2) and adsorbed on the surface of a metal 

catalytic substrate (such as nickel [18], cobalt [19] and copper [20]), and hence create 

monolayer or few-layer graphene under high temperature and high vacuum. The 

thickness and quality of graphene layers can be controlled by varying the cooling rate, 

and the concentration of carbon atoms diffused into the metal substrate [21]. 

2.2.4 Graphene from Graphene Oxide (GO) 

Graphite flakes can be oxidized in the presence of strong acids and oxidizing agents. The 

carbon planes of graphite oxide are heavily functionalized with oxygen-containing 

groups. Due to these oxygen-containing groups, graphite oxide can be easily exfoliated 

to individual graphene oxide sheets by sonication in water or rapid heating process, which 

is very suitable for the synthesis of graphene based materials. Due to various advantage, 

GO is ultimately reduced to graphene which is generally termed as reduced GO (rGO), 

as the complete removal of the oxygen-containing groups has not yet been achieved [22-

23]. There are a number of strategies for the reduction of GO. 

2.2.4.1 Thermal Annealing Reduction 

GO is thermally unstable and can be reduced by heat treatment, and the process is called 

thermal annealing reduction. Rapid heating (>2000oC/min) can exfoliate and reduce  

 

 

 

 

 

Fig. 2.5- a) GO contain various oxygen containing groups b) CO2 is released during 

thermal treatment and it leaves c) vacancies and defects on the carbon grid [25] 

graphite oxide, yielding a black powder [24-25]. The exfoliation and reduction of graphite 

oxide are mainly due to the decomposition of oxygen-containing groups at high 
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temperature and the sudden generation of CO or CO2 gases within the space between 

graphite oxide sheets, which generates a high pressure (130 MPa at 1000 oC) to separate 

the graphene sheets from each other [25]. The main disadvantage is that carbon atoms 

removed from the carbon plane during the thermal reduction process (by releasing carbon 

dioxide), splits the carbon plane of graphene into the pieces with small size, and makes 

vacancies and topological defects, leading to poor electrical conductivity [24, 26-27]. 

2.2.4.2 Chemical Reduction 

The solution-based process to produce monolayer graphene sheets from GO was firstly 

demonstrated by Ruoff and his group using hydrazine hydrate as reducing agent [28-29]. In 

this way, first GO is produced from graphite flake. Graphene sheets can be obtained by 

chemical reduction of these graphene oxide sheets [30]. Several reducing agents have been 

used for the reduction of graphene oxide such as hydrazine hydrate [28-29], sodium 

borohydride [31] and hydroiodic acid [32]. Chemical reduction is usually carried out at 

ambient temperature or by using moderate heating, which makes it a low-cost and easy 

way to produce large-scale graphene compared with thermal annealing reduction. 

 

 

  

 

Fig. 2.6- Schematic illustration of the chemical approach to synthesis of aqueous 

graphene dispersion - 1) oxidization of graphite (black blocks) to graphite oxide (gray 

blocks) and increasing the interlayer distance of sheets 2) sonication of graphite oxide to 

exfoliate and obtain colloidal GO 3) Chemical reduction of GO colloids to obtain a 

conductive graphene colloids [30]. 

2.2.4.3 Electrochemical Reduction 

Electrochemical reduction of GO is a very attractive method to produce a graphene-film 

due to its fast, easy, green nature and does not require the use of any toxic reducing agents 

(such as NaBH4 and N2H4). The pre-deposited GO film on a substrate (gold, glassy 

carbon electrode, ITO, etc.) can be reduced by applying a constant DC voltage [33] or a 

DC bias using cyclic voltammetry technique [34]. 
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Fig. 2.7- (a) Schematic illustration of the electrophoretic deposition process and b) cross-

sectional SEM image of electrophoretic deposited GO film [35] 

2.3 Graphene Oxide: Preparation Methods and Structure 

Back to the history, Brodie reported the preparation of graphite oxide by oxidizing 

graphite with potassium chlorate (KClO3) in fuming nitric acid (HNO3) in 1859 [36]. After 

40 years, L. Staudenmaier improved the Brodie’s method by modification, in which 

adding a concentrated sulfuric acid to the reaction that increases the acidity of the reaction 

mixture. They also added potassium chlorate in multiple aliquots in the reaction mixture 

over the course of the reaction [37]. In 1957, Hummers and Offeman developed a rapid 

and relatively safe method where graphite is oxidized by reacting with an anhydrous 

mixture of potassium permanganate (KMnO4), sodium nitrate (NaNO3) and concentrated 

sulfuric acid (H2SO4) [38]. 

 
Fig. 2.8- Procedure comparison of different methods to produce GO from graphite [39] 

Since graphene was first isolated by Geim and Novoselov at the University of Manchester 

in 2004, graphite oxide has attracted attention as a precursor for the low-cost and large-
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scale production of graphene-based materials and a lot of publications have been reported 

about its synthesis, structure, reduction and applications. To improve the preparation 

procedure of GO, Tour and coworkers reported a new recipe for the preparation of GO 

in 2010 [39]. They excluded sodium nitrate (NaNO3) from the reaction, increased the 

amount of potassium permanganate (KMnO4) and introduced phosphoric acid (H3PO4) 

into the reaction in a 9:1 mixture of H2SO4/H3PO4. It is believed that, GO prepared by 

this method has higher level of oxidation with more intact graphitic basal planes 

compared to GO prepared by Hummer's method.  

 

 

 

 

 

 

 

 

 

 

Fig. 2.9- (a) Lerf and Klinowski model for GO (b) STM image of a GO monolayer, which 

shows the oxidized and unoxidized regions (c) New structural model for GO, which 

suggests five- and six-membered lactol rings [40-42] 

Although, it has been investigated over a century, the precise chemical structure of GO 

is still the subject for considerable debate and there is no unambiguous model. It is related 

to the complexity of GO due to its amorphous character. In 1998, Lerf and Klinowski 

proposed a nonstoichiometric model for GO [40]. In this model, the carbon plane of 

graphite is decorated with epoxy (1, 2-ether instead of 1, 3-ether, which suggested by 

Mermoux) and hydroxyl groups, which they are very close to one another. Carbonyl 

groups can be found on the edge of the plane most likely as carboxylic acids and within 

the plane as organic carbonyl defects. These functional groups decorate both sides of the 
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surface of GO. Recently, Gao et al. showed the presence of five- and six-member-ring 

lactols on the periphery of GO plane by interpreting nuclear magnetic resonance (NMR) 

spectroscopy data [41]. According to the Lerf and Klinowski model, GO contains two 

kinds of regions  consisted  of  aromatic  regions  with  unoxidized  benzene  rings  and  

regions contain oxidized six-member rings, which are distributed randomly on the surface 

of GO. The degree of oxidation affects the size of both regions. The scanning tunneling 

microscopy (STM) study on the surface of GO confirmed the presence of both regions 

with a few nanometer sizes [42]. 

2.4 Nanocomposites 

Nanocomposites are composites in which at least one of the phases shows dimensions in 

the nanometer range (1 nm = 10-9 m) [43]. Nanocomposite materials have emerged as 

suitable alternatives to overcome limitations of microcomposites and monolithics, while 

posing preparation challenges related to the control of elemental composition and 

stoichiometry in the nanocluster phase. They are reported to be the materials of 21st 

century in the view of possessing design uniqueness and property combinations that are 

not found in usual composites. The general understanding of these properties is yet to be 

reached [44], although the first inference on them was reported as early as 1992 [45]. 

2.5 Graphene-based Nanocomposites 

Graphene’s high electrical conductivity, large surface-to-volume ratio, and excellent 

chemical tolerance make it an attractive matrix for composites. In 2006, Ruoff et al. 

reported the first graphene-based nanocomposite, a graphene-polystyrene composite [46]. 

According to their results, incorporation of the graphene sheets with polystyrene 

enhanced the electrical conductivity of the composite. This achievement has introduced 

a new class of graphene-based composite materials. According to the second component 

in the composites, graphene-based nanocomposite can be classified into two main 

categories- 

1) Graphene-based polymer nanocomposites  

2) Graphene-based inorganic nanocomposites 

2.6 Graphene-based Inorganic Nanocomposites 

The novel catalytic, magnetic and optoelectronic properties of graphene nanocomposites 

based on the hybridization with inorganic nanoparticles (NPs) have attracted significant 

attention [47]. Due to the enhanced electrical and electronic properties and the synergistic 
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effect between graphene and inorganic nanoparticles, graphene/nanoparticle 

nanocomposites offer greater potential for various applications. 

According to the kind of inorganic components, graphene-based inorganic 

nanocomposites can be classified into four categories: 

1) Graphene-based metal nanocomposites 

2) Graphene-based metal compound nanocomposites 

3) Graphene-based nonmetal nanocomposites 

4) Graphene-based carbon material nanocomposites 

Graphene has been extensively integrated with different metal compounds such as metal 

oxides (such as MnO2 
[48], SnO2 

[49],  ZnO [50], TiO2 
[51], Fe3O4 

[52], NiO [53], etc.), metal 

sulphides (such as CdS [54], ZnS [55], PbS [56], etc.), metal selenides (such as CdSe [57]) 

metal hydroxides (such as MnOOH [58], Co(OH)2 
[59], Ni(OH)2 

[60]) etc). It has been 

demonstrated that the charge-transferring, and magnetic and electronic interactions 

between graphene sheets and the attached metal compound nanostructures can improve 

their performance in various applications. 

2.7 Synthesis of Graphene-Inorganic Nanocomposites 

The graphene-based inorganic nanocomposites are usually prepared by using different 

strategies:  

1) Ex situ hybridization, hybridization of pre-synthesized nanomaterials with 

graphene oxide or reduced graphene oxide. 

2) In situ formation, formation or crystallization of nanomaterials in the presence 

of graphene oxide, reduced graphene oxide or functionalized graphene 

nanosheets, and growing on the surface of them. 

2.7.1 Ex situ Hybridization 

In this strategy, first, nanomaterials (such as nanoparticles, nanowires, nanorods or, etc.) 

are synthesized before mixing with graphene-based nanosheets. The surface of graphene 

and/or nanomaterials are usually modified, which can bind with together through either 

covalent bonding [61-62] or non-covalent interactions [63] (such as π-π stacking, or 

electrostatic interactions [64]).  

2.7.2 In situ Formation 

Ex situ hybridization strategy involves multiple steps, which results in the complexity of 
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the preparation process. Compared to the ex situ hybridization strategy, in situ formation 

or crystallization strategy is a simple and usually one-step process. Another advantage of 

this strategy is that the using surfactants or polymer for modification of graphene and/or 

nanomaterials could be eliminated, which may influence the performance of the 

nanocomposites. In addition, in this strategy, a variety of techniques can be utilized, 

including chemical reduction methods, sol-gel techniques, solvothermal / hydrothermal 

routes, electrochemical deposition techniques, sonochemical method. 

2.7.2.1 Chemical Reduction Method 

The in situ chemical reduction method is the most common way to the synthesis of 

graphene-based inorganic nanocomposites. The attraction of metal ions onto the surface 

of graphene oxide is the initial step for the nucleation of the nanostructures on the surface 

of graphene, which can be prepared by mixing a precursor of metal with a solution of 

GO. These attracted metal ions can be easily reduced by common reducing agents such 

as NaBH4, amines and ascorbic acid, in which GO could also be reduced simultaneously 
[65]. If, GO does not reduce during the reduction of metal ions on the surface of GO, there 

are two ways to address this problem- 

1) Using additional reducing agents for reducing GO 

2) Using rGO instead of GO. 

2.7.2.2 Hydrothermal / Solvothermal Routes 

Hydrothermal and solvothermal are powerful synthesis approaches for the formation of 

a variety of inorganic nanostructures. Recently, these methods have been frequently used 

for the synthesis of graphene-based inorganic nanocomposites [66-67]. These routes were 

usually operated at elevated temperature of solutions (aqueous solution for hydrothermal 

and non-aqueous solution for solvothermal) with high vapour pressure in a sealed vessel 

called the autoclave. As mentioned, the reaction carried out in a sealed autoclave with a 

confined volume, so the elevated temperature increases the vapor pressure above the 

critical pressure, which facilitates the crystal growth of initial nucleation sites. The main 

advantage of hydrothermal synthesis is feasible in producing desired nanostructures such 

as nanoparticles, nanowires and nanorods with high crystallinity without the need of post-

synthetic annealing. Concurrently, it enables the reduction of GO to rGO [68]. 

2.7.2.3 Electrochemical Deposition 

Electrochemical approach for deposition of variety of inorganic crystals on different 
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substrates is a very attractive method to produce thin-films due to its fast, easy and green 

nature. Recently, different electrochemical deposition techniques have been utilized for 

the fabrication of graphene-based noble metal nanocomposites such as Au [69-70], 

however, the process involves multi-step. 

2.7.2.4 Sonochemical Method 

Sonochemical method has been proven to be a versatile and promising technique in the 

synthesis of a variety of nanostructures. The chemical effects of ultrasound irradiation 

arise from acoustic cavitation phenomenon. When a liquid is irradiated with ultrasound, 

bubbles are created, which accumulate the ultrasonic energy while growing. The unstable 

gas-liquid interface subsequently collapsed, releasing the stored energy within a very 

short time. These cavitational implosions generate localized hotspots with a high 

temperature of 5000 K, a pressure of 1000 bar, and a heating and cooling rate of 1010 K/s 
[71]. Different parameters such as ultrasonic irradiation time, frequency, concentration and 

various organic additives can affect the shape and size of nanostructures [72-73]. 

2.8 Application of Graphene-Inorganic Nanocomposites 

Functionalization of the intriguing two-dimensional nanosheets is expected not only to 

enhance the performance of graphene and nanocrystals, but also to display novel 

advantages resulting from the interaction between the materials. It is found that graphene-

based inorganic nanocomposites show enhanced performance in the field of dye removal, 

electrochemical capacitor, solar cell, battery, sensors, catalysis, pollutant removal and 

other interesting applications. 

2.8.1 Dye Removal 

2.8.1.1 Dye 

A dye is a colored substance that has an affinity to the substrate to which it is being 

applied. The dye is generally applied in an aqueous solution, and requires a mordant to 

improve the fastness of the dye on the fiber [74-75]. The process of dying has been known 

to human since a long time ago. According to various archaeological evidence found so 

far, it can be concluded that that, particularly in India and Phoenicia, dyeing has been 

widely carried out for over 5,000 years. The dyes were obtained from animal, vegetable 

or mineral origin, with none to very little processing. By far the greatest source of dyes 

has been from the plant kingdom, but only a few have ever been used on a commercial 

scale. 
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2.8.1.2 Types of Dyes 

Primarily dyes are classified depending upon their sources. From that perspectives there 

are two types of them e.g. natural and synthetic dyes [76-77]. 

The majority of natural dyes are from plant sources – roots, berries, bark, leaves, and 

wood, fungi, and lichens. Textile dyeing dates back to the Neolithic period. Throughout 

history, people have dyed their textiles using common, locally available materials. Plant-

based dyes such as wood, indigo, saffron, and madder were raised commercially and were 

important trade goods in the economies of Asia and Europe. Across Asia and Africa, 

patterned fabrics were produced using resist dyeing techniques to control the absorption 

of color in piece-dyed cloth. The discovery of man-made synthetic dyes late in the 19th 

century ended the large-scale market for natural dyes. 

The first human-made organic dye, mauveine, was discovered serendipitously by 

William Henry Perkin in 1856, the result of a failed attempt at the total synthesis of 

quinine. Many thousands of synthetic dyes have since been prepared. Synthetic dyes 

quickly replaced the traditional natural dyes. They cost less, they offered a vast range of 

new colors, and they imparted better properties to the dyed materials. 

Most commonly dyes are classified according to how they are used in the dyeing process 
[76]. Some of them are acid dyes, basic dyes, substantive dye, mordant dye, vat dye, 

reactive dye, azoic dye, food dye etc. Among them acid dyes and basic dyes are mostly 

discussed. 

Acid dyes are water-soluble anionic dyes that are applied to fibers such as silk, wool, 

nylon and modified acrylic fibers using neutral to acid dye baths. Attachment to the fiber 

is attributed, at least partly, to salt formation between anionic groups in the dyes and 

cationic groups in the fiber. Acid dyes are not substantive to cellulosic fibers. Most 

synthetic food colors fall in this category. On the other hand, basic dyes are water-soluble 

cationic dyes that are mainly applied to acrylic fibers, but find some use for wool and 

silk. Usually acetic acid is added to the dye bath to help the uptake of the dye onto the 

fiber. Basic dyes are also used in the coloration of paper. 

2.8.1.3 Methylene Blue (MB) 

Methylene blue is a heterocyclic aromatic chemical compound with the molecular 
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formula C16H18N3SCl and its IUPAC name is 3, 7-bis (Dimethyl amino)-phenothiazin-5-

ium chloride. Chemically, it’s a basic cationic dye [78]. 

 
Fig. 2.10- Chemical structure of methylene blue 

It has many uses in a range of different fields, such as biology and chemistry. At room 

temperature it appears as a solid, odourless, dark green powder that yields a blue solution 

when dissolved in water. 

Methylene blue is widely used as a redox indicator in analytical chemistry. Solutions of 

this substance are blue when in an oxidizing environment, but will turn colorless if 

exposed to a reducing agent. 

In biology methylene blue is used as a dye for a number of different staining procedures, 

such as Wright's stain and Jenner's stain. Since it is a temporary staining technique, 

methylene blue can also be used to examine RNA or DNA under the microscope or in a 

gel: as an example, a solution of methylene blue can be used to stain RNA on 

hybridization membranes in northern blotting to verify the amount of nucleic acid 

present. It can also be used as an indicator to determine if eukaryotic cells such as yeast 

are alive or not. 

Table 2.1- Effect of MB on human health 

Cardiovascular 

Central 

Nervous 

System 

Dermatologic 
Gastro-

intestinal 

Genito-

urinary 

Hemato-

logic 

• Hypertension 

• Precordial pain 

• Dizziness 

• Mental         

confusion 

• Headache 

• Fever 

• Staining of          

skin 

• Injection site 

necrosis (SC) 

• Fecal 

discoloration 

• Nausea 

• Vomiting 

• Abdominal 

pain 

 

• Discoloration 

of urine (doses 

over 80µg) 

• Bladder 

irritation 

• Anemia 
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In the human body, methylene blue is highly stable; if ingested, it resists the stomach’s 

acidic environment as well as the hydrolytic enzymes present. Methylene blue has some 

other adverse effect in human body as it has been stated in the chart [79]. 

2.8.1.4 Dye Removal by Graphene-Inorganic Nanocomposites 

Graphene based nanocomposites usually remove dye following two basic routes- 

adsorption and photocatalytic degradation. Adsorption is a process that occurs when a 

gas or liquid solute accumulates on the surface of a solid or a liquid, forming a molecular 

or atomic film. It is a surface phenomenon and a consequence of surface energy. The 

atoms on the surface of the adsorbent are not wholly surrounded by other atoms and thus, 

can attract adsorbates. The exact nature of the bonding depends on the details of the 

species involved, but the adsorption process is generally classified as follows:  

(1) Physisorption: It is a type of adsorption in which the adsorbate adheres to the surface 

through Van der Walls (weak intermolecular) interactions. 

(2) Chemisorption: It is a type of adsorption whereby a molecule adheres to a surface 

through the formation of a chemical bond. 

Adsorption takes place primarily on the walls of the pores or at specific sites inside the 

particle. As the pores are generally small, the internal surface area is greater than the 

external area. Separation occurs because differences in molecular weight, shape or 

polarity cause some molecules to be held more strongly on the surface than others. In 

many cases, the adsorbate is held strongly enough to allow complete removal of that 

component from the fluid [80]. 

In recent years, semiconductor-mediated photocatalysis has attracted tremendous 

attention for its potential applications such as photocatalytic degradation of organic 

pollutants and photocatalytic hydrogen generation. In general, when a nanocomposite is 

illuminated with photons, which have energies greater than the band gap of the 

semiconductor, electrons in the valance band of the material are excited into the 

conduction band, resulting the generation of electron-hole pairs. These electron-hole 

pairs either recombine or migrate to the surface of photocatalyst to initiate a series of 

photocatalytic reactions and produce hydroxyl radicals, •OH and superoxide radical, •O2
-

in water, resulting the generation of hydrogen gas and degradation of organic pollutants. 

The drawback of the most of the photocatalysts is the rapid electron-hole recombination 

within photocatalysts, which decreases the efficiency of its photocatalytic activity. It is 
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believed that graphene with excellent electrical conductivity and large specific surface 

area can be used as an electron acceptor and transfer channel for reducing the rate of 

electron-hole recombination, which increases the efficiency of photocatalytic activity. In 

addition, graphene can increase the adsorption of pollutants due to the non-covalent 

interaction between organic pollutants and the aromatic regions of graphene, and extend 

the light absorption range of photocatalysts [81]. 

2.9 Electrochemical Capacitor 

Electrochemical energy storage technologies are under serious consideration to satisfy 

the increasing demand for energy and growing concerns about energy conservation and 

global warming. Research programs are being launched through various government, 

university, and commercial ventures to develop the chemistries and technologies that will 

improve the generation and distribution of energy. Electrochemical capacitor are an 

important part of this endeavour. 

2.9.1 Origin of Electrochemical Capacitance 

2.9.1.1 Electrochemical Double-Layer Capacitance 

A double layer appears on any surface of an electrode whenever it is placed in a solution. 

Let’s consider a metal/solution interface. When the metal is under potentiostatic control 

(under qM) there will be either an excess (qM is negative) or a deficit of free electrons (qM 

is positive) at the surface of the metal. A number of processes can occur at the 

electrode/electrolyte interface including contact adsorption and double layer formation. 

Solvated anions such as chloride, hydroxide, or cyanide can directly adsorb on metal 

electrodes due to chemical interaction between the host and these ions. During this 

process these ions lose part of their solvation sheath in the aqueous media which 

facilitates a metal-ion bond on the surface of the electrode. This process is referred to as 

“contact” adsorption. The region which contains these contact adsorbed ions is known as 

the Inner Helmholtz Layer (IHL). In addition to this, the excess charges on the metal can 

attract other particles in the solution such as dipole to preferentially orient in the vicinity 

of the metal solution interface and form a layer. This formed layer of solvated ions is the 

so called Outer Helmholtz Layer (OHL). The charge densities on the electrode and in the 

OHL are assumed to be equal and opposite in sign. Figure depicts these two layers and 

the variation of potential from the electrode surface. Therefore, the interface can be 

approximated by a double-layer, one layer being the OHL and the second one on the 



Chapter 2: Background 
 ______________________________________________________________________  

 ______________________________________________________________________  
Page | 32 

electrode surface (the IHL) [82]. 

 
Fig. 2.11- Visual representation of a metal/solution interface in a solution and the 

potential profile of the electrified interface measured from the metal electrode surface 

There are different models to explain the structure and potential variation of 

electrochemical double layer e.g. Helmholtz model [82], Gouy-Chapman Model [83], Stern 

Model [84]. 

2.9.1.2 Pseudo-Capacitance 

Pseudo-capacitance involves a completely different charge storage mechanism which is 

faradaic in nature and requires charge transfer across the electrode/electrolyte interface. 

The faradaic process involves two types of reaction. One is the redox reaction which 

occurs in the metal oxide or conducting polymer electrodes, the other is the adsorption of 

ions on the electrode surface from the electrolyte. This capacitance behaviour was first 

noted by Buzzanca and Tarasatti in the cyclic voltammetry behavior of RuO2 electrodes 

and followed by the studies of Conway et al., under potential deposition of hydrogen ad-

atom [85-86]. 

Faradaic pseudocapacitance only occurs together with static double-layer capacitance. 

Pseudocapacitance and double-layer capacitance both contribute inseparable to the total 

capacitance value. 

There are certain differences among the two type of capacitance. Some of the basic 

differences between double layer capacitance and pseudo-capacitance has been presented 

in the following table- 
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Table 2.2-Comparison of double-layer and pseudo-capacitance properties [86] 

Double-Layer Capacitance Pseudo-Capacitance 

x Involves non-faradaic process x Involves faradaic process 

x Capacitance has the value of 20 to 

50 μF/cm2 

x Capacitance has the value of 2000 

μF/cm2 

x Capacitance is fairly constant with 

potential 

x Capacitance is not constant with 

potential 

x Highly reversible nature of 

charging and discharging 

x Quasi–reversible nature of charging 

and discharging 

 

2.9.2 Classification of Electrochemical Capacitors 

Electrochemical capacitors can be classified as to the processes involved in the 

capacitor- 

1) Electrochemical Double-layer Capacitor (EDLC) 

2) Pseudo-capacitor 

3) Hybrid Capacitor 

 

 

 

 

Flow Chart 2.1- Different types of capacitors 

EDLC’s employs high surface area carbons, carbon aerogels, carbon fibers and carbon 

nanotubes. The pseudo-capacitor utilizes the metal oxides such as RuO2, NiO and MnO2. 

Hybrid capacitors make use of high surface area carbon electrodes in combination either 

with battery type redox electrodes such as nickel hydroxide and lithium electrodes or 

pseudo-capacitor type electrodes. 

2.10 Oxides of Manganese 

Manganese (Mn), chemical element, one of the silvery white, hard, brittle metals of 

Group 7 (VIIb) of the periodic table. It was recognized as an element in 1774 by the 

Swedish chemist Carl Wilhelm Scheele and was isolated the same year by his 
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associate, Johan Gottlieb Gahn. Manganese (Mn) is the 10th most abundant element in 

the earth’s crust and second only to iron as the most common heavy metal; on average 

crustal rocks contain about 0.1% Mn. It occurs in natural systems mainly in three different 

oxidation states: +2, +3, and +4, giving rise to a range of multivalent phases. The most 

available oxides of manganese are MnO, Mn3O4, Mn2O3, MnO2 and Mn5O8. The 

structural properties of these oxides are listed in table- 

Table 2.3- Structural properties of different oxides of manganese 

Oxide MnO Mn3O4 Mn2O3 Mn5O8 MnO2 

Mineral 

Name 

Manganosite Hausmannite Bixbyte n/a Pyrolusite 

Oxidation 

Number 

+2 +2, +3 +3 +2, +4 +4 

Crystal 

Structure 

Cubic Tetragonal Cubic Monoclinic Tetragonal 

Lattice 

Parameter 

a = 4.44 Å a = 5.76 Å 

c = 9.46 Å 

a = 9.40 

Å 

a = 10.39 

Å 

b = 5.73 Å 

c = 4.86 Å 

a = 4.39 Å 

c = 2.87 Å 

 

 

Fig. 2.12- Crystal structure of MnO (left), MnO2 (middle) and Mn3O4 (right) 
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2.11 Oxides of Tin 

Tin (Sn), a chemical element belonging to the carbon family, Group 14 (IVa) of 

the periodic table. It is a soft, silvery white metal with a bluish tinge, known to the 

ancients in bronze, an alloy with copper. It is usually obtained in two different oxidation 

state +2 and +4 as SnO and SnO2. The structural properties of these oxides are listed in 

table- 

Table 2.4- Structural properties of different oxides of tin 

Oxide SnO SnO2 

Mineral Name Romarchite Cassiterite 

Oxidation Number +2 +4 

Crystal Structure Tetragonal Rutile tetragonal 

Lattice Parameter a = 3.80 Å a = 4.737  Å, c = 3.186 Å 

 

 

Fig. 2.13- Crystal structure of SnO (left) and SnO2 (right) 
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3.1 Fourier Transform Infrared spectroscopy (FTIR)  

FTIR is one of the most common and widely used spectroscopic techniques employed 

mainly by chemists due to its usefulness in determining structures of compounds and 

identifying them. It is based upon characteristic absorption of infrared radiation (IR) of 

molecules. The fundamental measurement obtained in FTIR is an infrared spectrum, 

which is a plot of measured intensity versus wavenumber of IR for a solid, liquid or gas 

sample.  

IR involves the energy region of electromagnetic radiation (EMR) corresponding to 

wavenumber of 14000 ~ 4 cm-1. It can be divided into near-infrared region (14000 ~ 4000 

cm-1), mid-infrared region (4000 ~ 400 cm-1) and far-infrared region (400 ~ 4 cm-1). The 

commonly used region for FTIR is 4000 ~ 400 cm-1 because the absorption radiation of 

most functional groups and bonds in organic and inorganic materials is within this region. 

Only the molecules which have a dipole moment that changes as a function of time are 

able to interact with IR and thus called IR active. Molecules with different structure even 

with same bond at different chemical environment vibrate at different frequencies and 

thus make it enable to distinguish them from FTIR. FTIR of a sample may be affected by 

various structural parameters. Structural factor include nature of the bonds 

(single/double/triple), mass of the atoms constituting bond, nature of hybridization, mode 

of vibration, resonance, type of isotope, solvent etc [1]. 

The most common method of sample preparation for IR involves mixing the finely 

ground solid sample with powdered KBr and pressing the mixture under high pressure. 

Under pressure KBr melts and seals the compound into a matrix. The result is a KBr 

pellet which can be inserted into a holder into the spectrometer. This method is known as 

mull technique.  

FTIR is advantageous from several perspective. e.g. High scan speed, high resolution, 

high sensitivity, wide range of application, large amount of structural information, non 

destructiveness. 

3.2 Field Emission Scanning Electron Microscopy (FESEM) 

FESEM, a modern form of the scanning electron microscope (SEM), is a powerful 

technique in the examination of materials, revealing external morphology (texture), 

crystalline structure and orientation of materials making up the sample [2]. The term 

‘SEM’ is substituted by ‘FESEM’ with the use of Field Emission GUN (FEG) instead of 
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Thermionic Emission Gun (TEG) as electron emitter gun. SEM uses a focused beam of 

high-energy electrons to generate a variety of signals at the surface of solid specimens.  

Among the signals, secondary electrons and backscattered electrons are commonly used 

for imaging samples: secondary electrons are most valuable for showing morphology and 

topography on samples and backscattered electrons are most valuable for illustrating 

contrasts in composition in multiphase samples (i.e. for rapid phase discrimination). 

In most applications, data are collected over a selected area of the surface of the sample, 

and a 2-dimensional black-white image is generated that displays spatial variations in 

these properties. Areas ranging from approximately 1 cm to 5 microns in width can be 

imaged in a scanning mode using conventional SEM techniques (magnification ranging 

from 20X to approximately 500000X, spatial resolution of 50 to 100 nm). 

Advantages of SEM include its wide-array of applications, the detailed two-dimensional 

and topographical imaging and the versatile information garnered from different 

detectors. SEMs are also easy to operate with the proper training and advances in 

computer technology and associated software has made operation user-friendly. 

3.3 Energy Dispersive X-ray Spectroscopy (EDX) 

Energy Dispersive X-ray Spectroscopy (EDX), which is also called EDS, is a 

microanalysis technique used to identify the elemental composition and in chemical 

characterization of materials. EDX systems are commonly used in conjunction with 

Electron Microscopy instruments (Scanning Electron Microscopy (SEM) or 

Transmission Electron Microscopy (TEM)), where the imaging capability of the 

microscope identifies the specimen of interest [3]. 

When the sample is bombarded by the SEM's electron beam, electrons are ejected from 

the atoms comprising the sample's surface. The resulting electron vacancies are filled by 

electrons from a higher state, and an x-ray is emitted to balance the energy difference 

between the two electrons' states. The x-ray energy being characteristic of the element 

from which it was emitted, identity of elements and their relative abundance can be 

marked by detecting this x-ray radiation. 

EDX offers the advantages of quick, ‘first look’ compositional analysis. When used 

in "spot" mode, a user can acquire a full elemental spectrum in only a few seconds. 

Supporting software makes it possible to readily identify peaks, which makes EDX a 
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great survey tool to quickly identify unknown phases prior to quantitative analysis. 

EDX can also be used in semi-quantitative mode to determine chemical composition 

by peak-height ratio relative to a standard. 

3.4 X-Ray Diffraction Spectroscopy (XRD) 

XRD is one of the most powerful, reliable, non-destructive technique for the qualitative 

and quantitative analysis of the crystalline materials, in form of powder or solid. 

XRD is based on constructive interference of monochromatic X-rays and a crystalline 

sample. These X-rays are generated by a cathode ray tube, filtered to produce 

monochromatic radiation, collimated to concentrate, and directed toward the sample. The 

interaction of the incident rays with the sample produces constructive interference (and a 

diffracted ray) when conditions satisfy Bragg's Law. This law relates the wavelength of 

electromagnetic radiation to the diffraction angle and the lattice spacing in a crystalline 

sample [4]. 

These diffracted X-rays are then detected, processed and counted. By scanning the 

sample through a range of 2θ angles, all possible diffraction directions of the lattice are 

attained due to the random orientation of the powdered material. Conversion of the 

diffraction peaks to d-spacing allows identification of the mineral because each mineral 

has a set of unique d-spacing. Typically, this is achieved by comparison of d-spacing with 

standard reference patterns. The value of d-spacing is obtained from Bragg’s law- 

2d sin θ = n

Where, d is inter layer spacing, θ is the x-ray angle of incidence (and of diffraction) 

measured with respect to the crystalline planes, n is an integral value and  is the 

wavelength of incident beam. 

Crystallite size of crystals are calculated from Scherrer formulae- 

D =  
kλ 

β cos 𝜃
 

Where, D is the crystallite size, k is a dimensionless shape factor (typical value 0.9), l is 

the x-ray wavelength, β is the line broadening at halfway of the maximum intensity 

(FWHM) and θ is the Bragg angle (in degrees). 
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Sample preparation is one of the most important steps in a successful XRD analysis. 

Typically, samples are grinded to achieve a good S/N ratio, avoid spottiness and minimize 

preferred orientation. The ideal samples are crystalline powders.  

XRD offers many advantages over other available techniques in sample analysis. These 

includes powerful and rapid technique for identification of an unknown mineral, in most 

cases provide an unambiguous mineral determination, require small amount of sample 

preparation, data interpretation is relatively straight forward etc. 

3.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis (TGA) is a thermal analysis technique used to learn about 

various possible physical and chemical phenomenon associated with a sample and their 

kinetics. In this operation, the mass of a substance is monitored as a function of 

temperature or time as the sample specimen is subjected to a controlled temperature 

program in a controlled atmosphere. TGA is used primarily to determine the composition 

of materials and to predict their thermal stability. It can characterize materials that exhibit 

weight loss or gain due to sorption/desorption of volatiles, decomposition, oxidation and 

reduction [5].  

3.6 Ultraviolet-Visible (UV-Vis) Absorption Spectroscopy 

UV-Vis absorption spectroscopy is a common tool in absorption / adsorption study 

particularly in dye removal. It is an absorption spectroscopy in the UV region of 

electromagnetic radiation (EMR). Owing to different electronic structure, molecules may 

absorb radiation at different wavelengths, with different intensity varying upon 

concentration and thus can be used to identify and calculate their concentration in a 

solution. 

The absorption of UV or visible radiation corresponds to the excitation of outer electrons. 

There are three types of electronic transition among which transitions involving , , 

and n electrons are more simple and easy to explain. Molecules containing  or non-

bonding electrons can absorb UV-Vis light to result into various electronic excitations 

e.g. n-n-etc. With difference in band gap energy, different 

excitation requires different amount of energy leading to UV-Visible light absorption at 

different wavelength. Thus different compounds with difference in their electronic 

structure, rise to absorption of UV-Vis light at characteristic wavelength [6]. 
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Fig. 3.1- Possible simple electronic excitations in a molecule 

UV-Vis absorption spectroscopy obeys the Beer-Lambert law, which states that, when a 

beam of monochromatic light is passed through a solution of an absorbing substance, the 

rate of decrease of intensity of radiation with thickness of the absorbing solution is 

proportional to the incident radiation as well as the concentration of the solution. 

The expression of Beer-Lambert law is- 

𝐴 = log
𝐼0

𝐼
= 𝜖𝑐𝑙 

Where, A is absorbance, I0 = intensity of light incident upon sample cell, I = intensity of 

light leaving sample cell, is molar absorbance, c is concentration and l is length of 

sample cell (cm). As a result, difference in intensity of the spectrum can be correlated to 

the concentration of active sample. 

 

In UV-Vis spectroscopy, a sample is usually dissolved in a solvent that is transparent to 

the UV-Vis region of interest. It is because otherwise, it will be difficult to distinguish 

between absorption peak from sample and solvent. 

UV-Vis spectroscopy offers a mean of rapid analysis and can provide very high 

precission and accuracy. It is useful for a wide variety of chemicals, and it is non-

destructive. It can be used both quantitatively and qualitatively on pure substances. 

3.7 Cyclic Voltammetry (CV) 

CV is an electro-analytical technique based on the current response of a material as a 

function of potential [7]. It is performed by cycling the potential of the working electrode 

while measuring the resulting current. It is the modern form of polarography, developed 

by Jaroslav Heyrovsky in 1922. 
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In the CV experiment, the potential of an immersed, stationary electrode is scanned from 

a predetermined starting potential to a final value (called the switching potential) and then 

the reverse scan is performed. This gives a 'cyclic' sweep of potentials which can be 

repeated as per interest and the current vs. potential curve derived from the data is called 

a cyclic voltammogram. The first sweep is called the 'forward scan' and the return wave 

is called the 'reverse scan'. The potential extremes are termed the 'scan window'. 

When potential allowed to increase, initially current response is defined as capacitive, 

originating from electrical double layer (EDL) formed at electrode surface involving 

diffusion controlled process. When the potential approaches a specific value favoring the 

reduction of the active material, current response increases rapidly resulting an anodic 

peak and the corresponding current and potential are called anodic peak current and 

anodic potential. Then current falls off as the maximum rate of mass transfer has been 

reached and goes down only to reach equilibrium at some steady value. A similar but 

opposite peak current may be observed when potential meets a value favoring oxidation 

of the reduced species during its return tour to the initial value [18].  

𝐑 +  𝐞− ↔ 𝐎 

Current responses from redox reaction are termed as faradic current while the remaining 

responses are usually attributed to EDL and called non Faradic current. Thus, the 

capacitive window of a material can be easily identified from the absence or presence of 

redox peak in its CV [19]. 

 

Fig. 3.2- Cyclic voltammogram of a material in different potential window (a) without 

and (b) with redox peak 

One important feature of CV is that, the total current increases with increasing scan rate. 

The rate of change of potential with time is referred to as the scan rate. This can be 

rationalized by considering the size of the diffusion layer and the time taken to record the 

scan. 



Chapter 3: Characterization Techniques 
 ______________________________________________________________________  

 ______________________________________________________________________  
Page | 50 

 

Fig. 3.3- Variation in current response of a material with different scan rates 

The magnitude of current response and the shape of the voltammograms are highly 

dependent on analyte nature, concentration, scan rates, and experimental conditions. By 

varying these factors, cyclic voltammetry can yield information regarding dependency of 

the process, the stability of transition metal oxidation state in the complex form, 

reversibility of electron transfer reactions, reactivity of active material etc. 

3.8 Chronopotentiometry (CP) 

Chonopotentiometry (CP) is the most commonly used constant current experiment. It is 

an electro-analytical technique in which an unstirred solution of an electroactive species, 

in presence of excess of a supporting electrolyte, is electrolyzed at a programmed current 

density between an indicator electrode and a counter electrode and the potential-variation 

of the former vs. a suitable reference is recorded as a function of time [8]. The resulting 

graphs are current excitation signal and potential response as a function of time. 

 

Fig. 3.4- Current excitation (a) and potential response (b) in CP 

 

It is possible to identify the nature of electrode material from the CP. e.g. the potential 

response of an ideal capacitive material in CP shows discharge/ charge time to be ~ 1 and 

can be easily marked. 

a b 
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Fig. 3.5- Potential response of an ideal electrochemical capacitor in CP 

The specific capacitance of an electrochemical capacitor can be easily calculated from its 

potential response in CP on the basis of the relationship- 

Csp =  
i∆t

m∆V
 

Where, Csp is the specific capacitance, I is discharge current (cathodic current), m is the 

mass of active electrode material, t is the total time of discharge and V is the potential 

drop during discharge. 

3.9 Electrical Impedance Spectroscopy (EIS) 

Electrical Impedance Spectroscopy (EIS) is a perturbative characterization of the 

dynamics of an electrochemical process [9]. It is a method of measuring the electrical 

impedance of a substance as a function of the frequency of an applied electrical current. 

Electrical impedance (Z) is the total effect of resistance or the measure of the opposition 

to the passage of the current when an AC voltage source is applied. In simple circuit 

system, where DC voltage source is applied, resistance (R) is the only property of a 

material that oppose the flow of current. However, in real circuit systems, i.e. RLC 

circuit, resistance (R) is accompanied by reactance (X) from capacitor (C) and inductor 

(L), collectively known as impedance. Following Ohm’s law V=IR, we can write in that 

case, V=IZ, where impedance Z use the same unit ohm, as used by resistance. 

 
Fig. 3.6- A RLC series circuit 
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Impedance data are commonly represented in two forms. One as Nyquist plot, showing 

the variation of Zimg with Zreal and the other as Bode plot showing the frequency 

dependency of phase angle. 

Electrochemical processes involves various types of resistance originating from solution, 

charge transfer, electrical double layer (capacitor), diffusion etc. and their equivalent 

circuit, commonly known as Randles circuit, can be drawn from EIS study. 

A Randles circuit is an equivalent electrical circuit that consists of an active electrolyte 

resistance RS in series with the parallel combination of the double-layer capacitance 

Cdl and an impedance of a faradaic reaction. 

 

Fig. 3.7- (a) A typical Nyquist plot and (b) its equivalent circuit 

EIS offers the chance of both diagnostic and application of electrochemical processes. 

With EIS, it is possible to identify the nature of an electroactive material. It has been 

applied in engineering, biosensor applications etc. 

  



Chapter 3: Characterization Techniques 
 ______________________________________________________________________  

 ______________________________________________________________________  
Page | 53 

References 

1. Pavia, D. L., Lampman, G. M. and Kriz, G. S. (2001) Introduction to spectroscopy. 

Thomson Learning Inc., Singapore. 

2. Egerton, R. F. (2005) Physical principles of electron microscopy. Springer Science + 

Business Media, Inc., New York. 

3. Reed, A. J., and Bell, D. C. (2003) Energy-dispersive x-ray analysis in the electron 

microscope. Bios Scientific Publishers Ltd., London. 

4. Suryanarayana, C. and Norton, M. J. (1998) X-ray diffraction - a practical approach. 

Springer Science + Business Media, Inc., New York. 

5. Prime, R. B., Bair, H. E., Vyazovkin, S., Gallegher, P. K. and Riga, A. (2009) 

Thermal analysis of polymers: fundamentals and applications. John Wiley & Sons, 

Inc., New York. 

6. Grinter, H. C. and Threlfall, T. L. (1992) UV-Vis spectroscopy and its applications. 

Springer-Verlag Berlin Heidelberg, Berlin. 

7. Wang, J. (2000) Analytical electrochemistry. John Wiley & Sons, Inc., New York. 

8. Bard, A. J. and Faulkner, L. R., (1944) Electrochemical methods: fundamentals and 

applications. John Wiley & Sons, Inc., New York. 

9. Barsoukov, E. and Macdonald, J, R. (2005) Impedance spectroscopy. John Wiley & 

Sons, Inc., New Jersey. 



 

 

 

 

 

Chapter 4 

Experimental 

  



Chapter 4: Experimental 
 ______________________________________________________________________  

 ______________________________________________________________________  
Page | 55 

4.1 Materials and Instruments 

4.1.1 Chemicals and Reagents 

The chemicals and reagents used in this work were all of analytical grade and were used 

without further purification. The whole work along with the final parts of the washings 

was performed using de-ionized water (~ 0.66 µS / 1.51 MΩ). The chemicals and reagents 

used in this work are listed below: 

(i) Graphite powder (Sigma-Aldrich, Switzerland) 

(ii) Sodium nitrate ( Merck, Germany) 

(iii) Potassium permanganate (Merck, India) 

(iv) Sulfuric acid (Merck, Germany) 

(v) Hydrogen peroxide (Scharlau, Spain) 

(vi) Hydrochloric acid (RCI Labscan, Thailand) 

(vii) Manganese acetate (Merck, Germany) 

(viii) 2-Propanol (Daejung, South Korea) 

(ix) Stannous chloride (Scharlau, Spain) 

(x) Methylene blue (Merck, Germany) 

(xi) Polyvinyl alcohol (Merck, Germany) 

(xii) Dimethyl sulphoxide (Lab-Scan, Ireland) 

(xiii) Ethanol (Merck, Germany) 

4.1.2 Instruments 

Synthesis and analysis of the samples were performed using the following instruments: 

(i) Digital balance (CX 220, Citizon, USA and GH-252, AND, Japan) 

(ii) Hotplate with digital stirrer (CD 162, Stuart, UK) 

(iii) Centrifuge machine (Universal 16A, Hettich, Germany) 

(iv) Hot air oven (DSO-500D, Digisystem, Taiwan) 

(v) Agate mortar (125mm) 

(vi) Muffle furnace (LT 5/12, Nabertherm, Germany) 

(vii) Inert atmosphere furnace (CWF-1300, Carbolite Gero, Germany) 

(viii) pH meter (3510 pH meter, Jenway, UK) 

(ix) Orbital shaker ( SSL1, Stuart, UK) 

(x) Ultrasonic bath (Powersonic 505, Hwashin, S. Korea) 

(xi) Fourier Transform Infrared Spectrophotometer (FTIR-8400, Shimadzu, Japan) 
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(xii) Field emission scanning electron microscopy (JSM-7600F, JEOL, Japan) 

(xiii) X-ray diffractometer (Ultima IV, Rigaku, Japan) 

(xiv) Thermogravimetric analyzer (TGA-50H, Shimadzu, Japan) 

(xv) UV-Visible spectrophotometer (UV-1800, Shimadzu, Japan) 

(xvi) Electrochemical working station ( 760E, CH instruments, USA) 

4.2 Synthesis of Materials 

4.2.1 Synthesis of Graphene Oxide (GO) and reduced Graphene Oxide (rGO) 

GO was prepared from graphite powder (< 20 µm) following the Hummers method. In 

detail, a mixture of graphite powder (1.0 g), NaNO3 (0.5 g) and KMnO4 (3.0 g) were 

slowly added to a concentrated H2SO4 solution (23 ml) within an ice bath. After removing 

the ice bath, the above mixture was intensely stirred at ~ 35 °C for 30 min. After the 

reaction was completed, deionized water (46 ml) was added to above mixture while 

keeping the temperature at ~ 98°C for 15 min, followed by reducing the temperature to ~ 

60 °C with the addition of warm deionized water (140 ml) and H2O2 (30%, 10 ml) while 

stirring continuously for a further 2 h. The obtained mixture was filtrated to collect the 

solid product and washed with 4 wt% HCl solution several times and then with water 

until the solution was found to be free of chloride ion. The prepared solution of GO was 

preserved for further use. A portion of GO was dried in an oven at 60°C resulting to thin 

brown sheet for analysis purpose. rGO was prepared via thermal reduction by annealing 

dried GO at  400°C under N2 inert atmosphere for 1.5h. 

4.2.2 Synthesis of rGO/Mn-oxide/Sn-oxide Ternary Nanocomposite 

The synthesis of rGO/Mn-oxide/Sn-oxide ternary nanocomposite was performed in 

several steps. The first step involved the synthesis of GO as described earlier. 

The second step involved the growth of Mn-oxide nanoparticles on the functionalized 

surface of GO using water-isopropyl alcohol system. In brief, 10 mL of GO solution (~10 

g/L) was introduced with 100 mL of 2-propanol (Isopropyl alcohol) along with 507.4 mg 

of Mn(CH3COO)2.2H2O. The mixture was subjected to High power sonication for 30 

minutes. Next, it was heated to 83°C with a fitted condenser while performing a vigorous 

stirring. Then, 218.1 mg of KMnO4 dissolved in 10 mL water was added to the mixture 

while stirring continued. After 30 minutes of refluxing, the mixture was allowed to settle 

down and cooled to room temperature. The obtained product was washed gently with 

water replacing the water-Isopropyl alcohol system with D.I. water only. 
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Flow Chart 4.1- Scheme of the synthesis of rGO/Mn-oxide/Sn-oxide ternary 

nanocomposite 

Graphene 
Oxide (GO) 

sol
n
 

Hummers method Graphite 
powder 

Mn(CH3COOH)
 

Isopropyl 
Alcohol 

+ 

Sonication for 30 
min. 

Heated to 83°C 

Add KMnO4 sol
n
 

Refluxed 30 
min 

Cooled 
and 

washed 

GO/Mn-oxide 
sol

n
 

SnCl2 sol
n
 

Stirred for 1h 
at 30ºC Cooled and washed 

rGO/Mn-oxide/Sn-oxide 
sol

n
 

Dried at 60°C and powdered 

400°C), N2, 1.5 hr  



Chapter 4: Experimental 
 ______________________________________________________________________  

 ______________________________________________________________________  
Page | 58 

The third step involved reducing the GO surface while harbouring SnO2 nanoparticles. It 

began with the introduction of 250 mg of SnCl2.2H2O into an adjusted volume of 500mL 

of the mixture, which was then subjected to stirring for 1h at ~ 30°C. Consequentially, 

the nanocomposite was washed with water, dried at 60°C and powdered with agate 

mortar. 

The final product was obtained after annealing at 400°C under N2 inert atmosphere for 

1.5h to achieve a better crystallinity along with a better reduction of GO surface. 

4.2.3 Synthesis of rGO/Mn-oxide and rGO/Sn-oxide Binary Nanocomposites 

To understand the suitability of the ternary nanocomposite in the applications of interest, 

two corresponding binary nanocomposites namely rGO/Mn-oxide and rGO/Sn-oxide was 

also prepared. They were prepared exactly in the same way as it was employed for the 

ternary nanocomposite except omitting the third and the second step for the synthesis of 

rGO/Mn-oxide and rGO/Sn-oxide binary naocomposite respectively. Both of these 

nanocomposites were also annealed at 400°C under N2 inert atmosphere for 1.5h. 

4.3 Characterization 

4.3.1 Fourier Transform Infrared Spectroscopy (FTIR) analysis 

The FTIR spectra of the nanocomposites were recorded with an FTIR-8400, Shimadzu 

spectrophotometer in the mid-IR region (4000-400 cm-1). In each case, about 125 mg of 

dry, pure KBr was mixed with ~ 1 mg dry sample, grinded homogenously with mortar-

pestle and pressed mechanically under a pressure of 8-10 tons to make a pellet. Finally, 

the pallet was placed in the path of IR beam for measurement. 

4.3.2 Field Emission Scanning Electron Microscope (FESEM) Analysis 

The surface morphology of the samples were analyzed with Schottky Field Emission 

Scanning Electron Microscope (JSM-7600F, JEOL) via secondary electron imaging. 

After finely powdering, ~ 1-2 mg of the nanocomposite were dispersed on a conducting 

carbon glued strip. It was dried with air from hand pump. The sample loaded strip was 

then mounted to a chamber that evacuated to ~ 10-3 to 10-4 torr and then a very thin gold 

layer (~few nanometers thick) were sputtered on the sample to ensure the conductivity of 

the sample surface. Finally it was placed in the main SEM chamber. The acceleration 

voltage of the electron gun was 5 or 10 kV with probe current zero and the working 

distance was ~8 mm. Various magnification range was used, varying from 5,000-500,000 

times. 
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4.3.3 Energy Dispersive X-Ray Spectroscopy (EDX) Analysis 

The energy dispersive x-ray spectra of the samples were analyzed with Schottky Field 

Emission Scanning Electron Microscope (JSM-7600F, JEOL) equipped with an EDX 

detector within the range of 0-12 kV. The acceleration voltage was same as it was used 

for SEM analysis. 

4.3.4 X-Ray Diffraction (XRD) Analysis 

The x-ray diffraction pattern of the nanocomposites were recorded with an Ultima IV, 

Rigaku x-ray diffractometer operating at 40 kV and 40 mA using Cu Kα1 radiation (λ = 

1.540598 A°), fitted with scientillation detector . The powdered samples were taken 

within two plain glass slide (25 mm × 75 mm) forming a film, were placed inside the 

diffractometer. The measurement was performed in the continuous mode with a scan 

speed of 3.0 deg./min. within the scan range of 10-70 degree while the scan width was 

0.02 deg. 

4.3.5 Thermogravimetric Analysis (TGA) 

The thermogravimetric analysis of the samples were performed with a thermogravimetric 

analyzer (TGA-50H, Shimadzu) within the range of room temperature to 800°C. In each 

case, a certain amount of the nanocomposites (< 5 mg) were taken in an alumina cell 

under nitrogen atmosphere and then subjected to heating with a flow rate of 10°C/min. 

4.4 Investigation of the Behaviour in Dye Decolourization 

4.4.1 Experimental Setup 

To investigate the behaviour of the nanocomposites in dye decolourization, methylene 

blue (MB) was used as a model dye which imparts a blue appearance to the aqueous 

solution. First, a stock solution of MB was prepared, which were further used for the 

preparation of MB solutions of desired concentrations. In each case, a certain amount of 

the samples was added to a certain amount of MB solution in a reagent bottle and was 

subjected to shaking at 250 rpm. After the desired time, the solution from reagent bottle 

was transferred to a falcon tube and was centrifuged at 4000 rpm for ~ 10 minutes. The 

supernatant was collected in a plastic bottle fitted with cap and was kept under cover to 

avoid any photo degradation. The effect of the samples on dye solution was studied with 

UV-Visible spectroscopic analysis technique within 24h - 48h of their combination. With 

different samples, all the experiments were performed in similar fashion. The 

experiments were conducted at room temperature (~ 30°C). 
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4.4.2 UV-Visible Spectral Analysis 

The UV-Visible spectral analysis was performed with a double beam UV-Visible 

spectrophotometer (UV-1800, Shimadzu) using two cells of 1cm path length, transparent 

to the whole UV-Visible region (200-800 nm). The analysis were performed within 400-

800 nm range in auto scan mode with D. I. water as reference. 

4.4.2.1 Preparation of Stock Solution 

A stock MB solution of 100 mL volume with a concentration of 500 ppm was prepared 

by dissolving 50 mg of MB (M. W. = 355.89 g) in D.I. water in a 100 mL volumetric 

flask. This solution was further used for the preparation of MB solutions of desired 

concentrations using the formulae V1S1 = V2S2.  

4.4.2.2 Determination of Molar Absorption Coefficient 

Molar absorption coefficient of the MB solutions was determined from a plot of 

absorbance against concentration (calibration curve) using Beer-Lambert law. To have 

data for this plot, five different MB solutions of concentrations viz. 1, 3, 5, 7, 10 ppm 

was prepared and their absorbance value was determined without any further treatment. 

4.4.2.3 Determination of Equilibrium Time of Interaction 

To find the equilibrium time of interaction, 5 mg of the samples were added with 25 mL 

5 ppm MB solution and were allowed to interact for different time intervals viz. 0, 15, 

30, 45, 60, 75, 90, 120 minutes. The equilibrium time was found from the concentration 

of the treated MB solutions with the ternary nanocomposites for different time intervals. 

4.4.2.4 Study of the Effect of Contact Time 

The effect of contact time was disclosed by observing the concentration of supernatant 

from mixture of 5 mg sample with 25 mL 5 ppm MB solution for the time intervals viz. 

0, 5, 10, 15, 20, 30, 45, 60, 75 minutes. 

4.4.2.5 Study of the Effect of pH 

The effect of pH was unraveled by conducting experiment at acidic pH 1, 3, and 5, a basic 

pH 10 and at the neutral pH 7. In each case, 5 mg of the samples were added with 25 mL 

5 ppm MB solution and were allowed to interact for the equilibrium time. The pH of the 

MB solution was adjusted by the addition of dilute HCl or NaOH solution. 

4.4.2.6 Study of the Effect of Dose 

To understand the dose effect, experiment was conducted with four different amount of 
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samples viz. 2 mg, 5 mg, 10 mg and 20 mg which were added with 25 mL 5 ppm MB 

solution and were allowed to interact for the equilibrium time. 

4.5 Investigation of Electrochemical Capacitive Behaviour 

4.5.1 Experimental Setup 

To investigate the electrochemical capacitive behaviour of the nanocomposites, a three 

electrode system, single compartment cell was employed, which utilized a modified 

graphite electrode with only an exposed surface area of radius ~ 0.3 cm as working 

electrode. A rectangular glassy carbon electrode (GCE) and an Ag | AgCl | KCl (sat.) 

electrode was used as counter electrode and reference electrode respectively. The 

modification of the graphite electrode was performed by solvent casting and drop drying 

method. First, 1 mg of active material along with ~ 25%  PVA as binder was added to a 

mixture of 200 µL ethanol (EtOH) and 500 µL dimethyl sulphoxide (DMSO). The 

mixtures were subjected to sonication in a digital ultrasonic bath for at least 30 minutes. 

Then, 10 µL of that mixture was casted on graphite electrode surface with a micropipette 

in a way that, it left no exposed surface area uncovered. Finally, the electrode was dried 

at 60°C in an oven for several hours which resulted in the formation of a thin film of the 

sample on graphite surface. The experiments were conducted in an electrolyte solution 

of 0.5 M Na2SO4. Each time, before use, the electrodes were cleaned carefully. The 

graphite electrode surface was cleaned by polishing mechanically on a smooth piece of 

paper while the GCE was cleaned by polishing with alumina powder. With different 

samples, all the experiments were performed in similar fashion. All the electrochemical 

analysis for a single sample was performed at a time one after another with same setup. 

4.5.2 Electrochemical Analysis 

The electrochemical characterization of the nanocomposites were carried out in a 

computer controlled electrochemical working station (760E, CH instruments, USA). 

Three electrochemical techniques namely cyclic voltammetry (CV), 

chronopotentiometry (CP) and electrochemical impedance spectroscopy (EIS) was 

employed in this endeavor. The focus of these experiment were to find out the capacitive 

behavior of the ternary nanocomposite. 

4.5.2.1 Cyclic Voltammetry (CV) 

The CV of the samples were performed to find the potential window within which they 

shows capacitive behavior and its dependency on scan rate. Initially, in each case, CV 
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was taken within -0.5 V o 1.0 V which was later adjusted to the symmetric shape of cyclic 

voltammogram that corresponds to capacitive behaviour. Then, CV was performed at 

different scan rate, starting from 5 mV/s to up to 100 mV/s. 

4.5.2.2 Chronopotentiometry (CP) 

Chronopotentiometric technique also known as Galvanostatic Charging Discharging 

(GCD), was used to evaluate the specific capacitance of the samples with different 

charging-discharging current or current density varying from 0.5 A/g to 5 A/g within 

suitable potential window chosen from CV. Again, the same potential window was used 

to find the cyclic stability of the three nanocomposites by observing specific capacitance 

for first 50 cycles in general and 500 cycles for the the ternary nanocomposite at the 

current density 5 A/g. 

4.5.2.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance measurement was carried out to investigate the arranged 

electrochemical system and measure the equivalent circuit resistance. It was performed 

at different AC potentials within the potential window used for chronopotentiometric 

measurement. Impedance data was recorded within the frequency range of 1 Hz to 105 

Hz with an amplitude of 5 mV and a quiet time of 2 s. 
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5.1 Synthesis of Materials: Steps of Reactions 

5.1.1 Synthesis of Graphene Oxide (GO) and Reduced Graphene Oxide (rGO) 

The ternary nanocomposite was synthesized using graphene oxide (GO) as a precursor. 

GO was synthesized following Hummers method [1], a well-known and commonly 

adopted technique in this regard [2-3]. According to report, the dark red oil of dimanganese 

heptoxide formed from the combination of sulfuric acid and potassium permanganate, 

play the key role in oxygenation of graphite. Sodium nitrate serves as catalyst. Further 

oxidation occurs by permanganate ion after addition of water and before the addition of 

hydrogen peroxide, which is used to reduce residual permanganate and manganese 

dioxide from earlier steps. The washing with HCl and water results GO solution free of 

impurities [4-5]. 

KMnO4(aq) +  3 H2SO4(aq) →  K
+(aq) + MnO3

+(aq) + H3O
+(aq) + 3 HSO4

−(aq) 

KMnO4(s)  →  K
+(aq) + MnO4

−(aq) 

MnO3
+(aq) + MnO4

−(aq) → Mn2O7(l) 

Graphite +  Mn2O7(l)  → GO 

rGO was obtained by heating GO at 400°C under inert (N2) atmosphere for 1.5 hr. The 

mechanism behind this lies in the sudden expansion of CO or CO2 gases into spaces 

between graphene sheets during the rapid heating. The rapid temperature increase makes 

the oxygen containing functional groups attached on carbon plane decompose into gases 

that create huge pressure between the stacked layers. A pressure of ~ 50 MPa is generated 

at 400°C whereas a pressure of only 2.5 MPa is enough to separate two stacked GO 

platelets. However, high temperature is essential to ensure the removal of interlayer water 

with a greater extent of oxygen containing functional groups while a very high 

temperature also affects the resulting structure by leaving too much structural damage 

and causing extreme weight loss. The use of inert atmosphere was important to facilitate 

the etching of oxygen at higher temperature [6-7]. 

GO  
400°C,   N2,   1.5 hr
→               rGO 

5.1.2 Synthesis of rGO/Mn-oxide/Sn-oxide Ternary Nanocomposite 

Having no prior report of synthesis of graphene based ternary nanocomposite of Mn-
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oxide with Sn-oxide, trial and error method was employed in this venture with knowledge 

from reports on the corresponding binary nanocomposites. The effort resulted into 

success in the first attempt. 

The mixture of GO with Mn(CH3COO)2.2H2O at a ratio of almost 1 : 5, in isopropyl 

alcohol was first subjected to sonication to make sure the presence of properly exfoliated 

GO sheet as well as to help Mn(CH3COO)2.2H2O disintegrate into the solution[8]. At this 

stage, the Mn2+ ions formed from the salt of manganese, preferably bound with the 

oxygen atoms of negatively charged, oxygen containing functional groups on GO sheets 

via electrostatic force. With the addition of KMnO4 solution at an elevated temperature, 

a redox reaction occurred between its MnO4
- ion and the already present Mn2+ ion, leading 

to the formation of manganese oxide. The Mn atoms may have formed co-ordinate 

covalent bond with oxygen atoms of the functional groups from GO surface, acting as 

anchor sites for the crystals to grow [9]. 

Mn(CH3COO)2. 2H2O (s) →  Mn
2+(aq) + 2 CH3COO

−(aq) + 2 H2O (l) 

KMnO4(s)  →  K
+(aq) + MnO4

−(aq) 

3 Mn2+(aq) +  2 MnO4−(aq) + 2 H2O →  5 MnO2(s) + 4 H+(aq) 

Next, SnCl2.2H2O, at an amount, half to the amount of Mn(CH3COO)2.2H2O was 

introduced with the product in D.I. water, which is slightly acidic in nature and helps 

stannous chloride to dissolve into it. The Sn2+ ions from SnCl2, bind them with the 

available oxygenated groups on GO surface through electrostatic attraction [10]. Later, it 

converted itself spontaneously into SnO2 while reducing GO to reduced graphene oxide 

(rGO) [11]. The reduction is reported to occur best at 30°C [12].  

SnCl2(aq) + GO + H2O(l) → SnO2(s) + rGO + 2HCl(l) 

The extent of reduction of rGO in the composite along with the order of crystallinity of 

the nanoparticles was further increased by heating at 400°C under inert (N2) atmosphere 

for 1.5 hr [11]. The remaining small amount of oxygen containing groups help to maintain 

a dispersion of the existing metal oxide nanoparticles through co-ordinate covalent 

bonding and hydrogen bonding [9, 11]. However, with increasing crystallinity, the heating 

also affected the structure of the nanoparticles, particularly of MnO2. It was converted 

into Mn3O4 and MnO [13-14]. 
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3MnO2(s)  → Mn3O4(s) + O2(g)  

2C(s) + O2(g) → CO(g) 

MnO2(s) + CO(g) → MnO(s) + CO2(g) 

5.1.3 Synthesis of rGO/Mn-oxide and rGO/Sn-oxide Binary Nanocomposite 

The binary nanocomposites were prepared exactly in the same way as it was employed 

for the ternary nanocomposite except omitting the third and the second step for the 

synthesis of rGO/Mn-oxide and rGO/Sn-oxide binary nanocomposite respectively. In 

absence of any reducing agent in case of rGO/Mn-oxide binary nanocomposite, thermal 

annealing made sure the conversion of GO to rGO [6]. Besides, absence of oxygen helps 

to convert MnO2 to Mn3O4 preferentially over MnO. 

 

 

Fig. 5.1- Optical image of the prepared samples 
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5.2 Structural Characterization 

5.2.1 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 

5.2.1.1 Graphene Oxide (GO) 

The FTIR spectra of GO suggests the presence of various oxygen containing functional 

groups on its surface assuring its formation. The strong broad peak centered at 3420 cm-

1 of stretching vibration of O–H bond refers to alcohol and carboxylic acid groups as well 

as adsorbed water molecules [15]. The weak sharp peak centered at 1720 cm-1 of C=O 

stretching vibration denotes the presence of carboxylic group and carbonyl moieties. The 

weak broad peak centered at 1250 cm-1 of stretching vibration of C-O bond refers to the 

presence of epoxy group. The presence of these groups is further strengthened by the 

occurrence of weak broad peak centered at 1365 cm-1 corresponding to deformed C-OH 

stretching vibration and medium sharp peak centered at 1060 cm-1 corresponding to C-O 

stretching vibration of alkoxy groups [16-17]. 

The medium sharp peak centered at 1620 cm-1 is mainly from stretching vibration of C=C 

bond indicating the presence of sp2 hybridized carbon along with contribution from 

bending vibration of O-H bond resulting higher intensity [18-19]. The weak sharp peak 

centered at 2360 cm-1 corresponds to stretching vibration of C=O bond within CO2 

molecule, erupts during drying of GO in addition to atmospheric CO2 
[20]. 

Table 5.1- FTIR bands of GO 

 

Fig. 5.2- FTIR spectra of GO 

Frequency 

(cm-1) 

Functional 

groups 

3420 O-H (alc./water) 

2360 C=O (CO2) 

1720 C=O (carbonyl) 

1620 C=C (sp2 hybrid.) 

1365 C-OH (deformed) 

1250 C-O-C (epoxy) 

1060 C-O (alkoxy) 
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5.2.1.2 Reduced Graphene Oxide (rGO) 

The reduction of GO via thermal annealing was primarily confirmed by FTIR analysis. 

The absence of C=O carbonyl peak (1720 cm-1), C-OH deformed bond peak (1365 cm-1) 

and C-O alkoxy peak (1060 cm-1) indicate the removal of the corresponding groups while 

the peak at 3450 cm-1 corresponding to O-H stretching vibration and the peak at 1230 cm-

1 corresponding to C-O-C with reduced intensity indicates the presence of alcoholic and 

epoxy groups respectively at a lower extent compared to GO [17]. Also, the peak at 1120 

cm-1 of stretching vibration of C-O-H claims incomplete reduction [21]. The peak at 1580 

cm-1 comes from C=C skeletal vibration, free of the influence of O-H bending vibration 
[15]. Thus, it is safe to assume that rGO has been formed. 

The peak at 2360 cm-1 corresponds to stretching vibration of C=O bond within CO2 

molecule, erupted during thermal annealing of GO in addition to atmospheric CO2 
[20]. 

No significant bond could be found related to the peaks around 600cm-1 assuming them 

as impurity. 

Table 5.2- FTIR bands of rGO 

 

Fig. 5.3- FTIR spectra of rGO 

5.2.1.3 rGO/Mn-oxide Binary Nanocomposite 

The FTIR of rGO/Mn-oxide shows peaks at 610 cm-1 corresponding to Mn-O stretching 

vibration and at 493 & 423 cm-1 corresponding to Mn-O bending vibration indicating the 

presence of Mn-oxide [21]. The peak at 1581 cm-1 refers to C=C skeletal vibration of 

graphene while the peaks at 3450, 1378, 1250 corresponding to O-H,  C-OH and C-O-C 

respectively predicts the presence of certain functional groups along with water indicating 

rGO [18]. The peak at 2360 for C=O stretching vibration of CO2 is present as usual. 

Frequency 

(cm-1) 

Functional 

groups 

3450 O-H (alc./Water) 

2360 O=C=O (CO2) 

1580 C=C (sp2) 

1230 C-O-C (epoxy) 

1120 C-O-H (alc.) 
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 Table 5.3- FTIR bands of rGO/Mn-

oxide binary nanocomposite  

 

Fig. 5.4- FTIR spectra of rGO/Mn-Oxide binary nanocomposite 

5.2.1.4 rGO/Sn-oxide Binary Nanocomposite 

The FTIR of rGO/Sn-oxide binary nanocomposite shows peak at 630 cm-1  of O-Sn-O 

antisymmetric stretching vibration with subsequent shoulder indicating the formation of 

SnO2 nanoparticle on rGO sheet where weak broad peak of O-H ( 3420 cm-1) and C-O-

C (1210 cm-1) along with sharp peak of skeletal C=C vibration (1560 cm-1) make sure 

higher extent of reduction of GO. The peak at 2360 for C=O stretching vibration of CO2 

is present as usual [18, 22]. 

Table 5.4- FTIR bands of rGO/Sn-

oxide binary nanocomposite 

 

Fig. 5.5- FTIR spectra of rGO/Sn-oxide binary nanocomposite 

Frequency (cm-1) Functional 

groups 

3450 O-H (alc./Water) 

2360 O=C=O (CO2) 

1581 C=C (sp2) 

1378 C-OH (deform.) 

1250 C-O-C (epoxy) 

610 Mn-O stretching 

493 & 423 Mn-O bending 

Frequency 

(cm-1) 

Functional 

groups 

3420 O-H (alc./Water) 

2360 O=C=O (CO2) 

1560 C=C (sp2) 

1210 C-O-C (epoxy) 

630 O-Sn-O stretching 
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5.2.1.5 rGO/Mn-oxide/Sn-oxide Ternary Nanocomposite 

The formation of the ternary nanocomposite can be identified from the presence of almost 

all of the peaks from rGO, rGO/Mn-oxide and rGO/Sn-oxide in FTIR spectrum. The 

major peaks at 3420 cm-1(O-H, stretching), 1620 cm-1(C=C, skeletal vibration), 603 cm-

1(O-Sn-O, stretching) and 533 cm-1(Mn-O, bending) confirms the synthesis. 

Relatively higher intensity of O-H bond in the ternary nanocomposite compared to its 

binaries might be due to the interlayer trapped water [23].  

 

 

 

 

 

 

 

 

 

Fig. 5.6- FTIR spectra of rGO/Mn-oxide/Sn-oxide ternary nanocomposite 

Table 5.5- FTIR bands of rGO/Mn-oxide/Sn-oxide ternary nanocomposite 

 

 

 

 

 

 

 

Frequency (cm-1) Functional groups 

3420 O-H (alc./Water) 

2360 O=C=O (CO2) 

1620 C=C (sp2) 

1380 C-OH (deform.) 

1260 C-O-C (epoxy) 

603 O-Sn-O stretching 

533 & 416 Mn-O bending 
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FTIR data of all of the samples and their corresponding peaks can be briefly described as 

below- 

Table 5.6- FTIR bands of GO, rGO and nanocomposites 

Frequency (cm-1) Functional groups Frequency (cm-1) Functional groups 

~ 3420 O-H (alc./water) ~ 610 Mn-O stretching 

2360 C=O (CO2) ~ 493 & ~ 423 Mn-O bending 

~ 1720 C=O (carbonyl)   

~ 1620 C=C (sp2 hybrid.) ~ 630 O-Sn-O stretching 

~ 1365 C-OH 

(deformation) 

  

~ 1250 C-O-C (epoxy)   

~ 1060 C-O (alkoxy)   

Fig. 5.7- FTIR spectra of GO, rGO and the nanocomposites 
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5.2.2 Scanning Electron Microscope (SEM) Analysis 

5.2.2.1 Graphene Oxide (GO) 

 

Fig. 5.8- SEM image of GO 

The SEM image shows strong disorder and crumpled state of ultrathin GO sheets. There 

are also huge spacing between the layers indicating a successful introduction of 

oxygenated groups among the layers of graphite. Although the thickness of the GO layer 

cannot be verified from SEM image [24], it seems to be apparently ~ 10 nm. 

5.2.2.2 Reduced Graphene Oxide (rGO) 

The SEM image of rGO shows a clear change in the morphology than the earlier shown 

GO. As the reduction process reduces oxygen containing groups, the sheets undergo 

shrinking with smaller in between spacing, as seen in the above image with an apparent 

thickness of ~ 5 nm. The rGO sheet has assumed a flake like structure with rippled surface 



 

Chapter 5: Results and Discussion 
 ______________________________________________________________________  
 

 ______________________________________________________________________  
Page | 73 

which are due to the thermodynamic requirement for the existence of out-of-plane 

bending with interatomic interaction generating a mathematical paradox [25]. 

 

Fig. 5.9- SEM image of GO 

5.2.2.3 rGO/Mn-oxide Binary Nanocomposite 

The SEM image of the rGO/Mn-oxide primarily shows a high yield of manganese oxide 

nanoparticles covering the surface of rGO, with almost homogenous dispersion with a 

porous surface which may play an important role in its applications. There are two 

different types of geometry of manganese oxide-rod like structure and cubic structure 

indicating possible presence of multiple phase of manganese oxide. The rod like 

structures show a diameter of ~ 25 nm with varying length upto1 µm. On the other hand, 

the cubic structure shows side length of ~ 50 nm. 
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Fig. 5.10- SEM image of rGO/Mn-oxide 

5.2.2.4 rGO/Sn-oxide Binary Nanocomposite 

The SEM image of rGO/SnO2 shows a uniform dispersion of SnO2 nanoparticles on sheet 

like rGO surface indicating its successful reduction from GO. The tin oxide nanoparticles 

are seen to be forming a structure with average side length of ~ 5 nm. The image also 

shows that the presence of tin oxide prevents the crumpling of rGO sheets. 
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Fig. 5.11- SEM image of rGO/Sn-oxide 

5.2.2.5 rGO/Mn-oxide/Sn-oxide Ternary Nanocomposite 

The SEM image of rGO/Mn-oxide/Sn-oxide annealed at 400°C under N2 atmosphere for 

1.5 hr clearly shows the presence of different types of nanoparticles on rGO surface. 

There is a chain like structure of manganese oxide with diameter less than 10 nm and 

length higher than 1 µm. Besides there are two types of structure, one with 5-10 nm side 

length of tin oxide and another with 15-20 nm side length of manganese oxide. Thus the 

composite contain oxides of both of manganese and tin. It is notable that the chain like 

nanoparticle is present at a lesser extent than the cubic shaped nanoparticles. 
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Fig. 5.12- SEM image of rGO/Mn-oxide/Sn-oxide 
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5.2.3 Energy Dispersive X-Ray Spectroscopy (EDX) Analysis 

5.2.3.1 Graphene Oxide (GO) 

Depending upon the preparation method, GO with chemical compositions ranging from 

C8O2H3 to C8O4H5, corresponding to a C/O ratio of 4:1–2:1, is typically produced. The 

EDX of the synthesized GO shows the C/O atomic ratio 5.4:1, which is almost same to 

the typical value [6]. Thus the obtained data is in agreement with the formation of GO. 

 

Table 5.7- Elemental composition of GO 

 

 

 

 

Fig. 5.13- EDX spectra of GO 

Sample Location C (atomic %) O (atomic %) 

1 84.78 15.22 

2 84.46 15.54 

3 84.15 15.85 

Average 84.46 15.54 

Location 1 Location 2 

Location 3 
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5.2.3.2 Reduced Graphene Oxide (rGO) 

Reduction of graphene oxide leads to a C/O atomic ratio of 12:1 in most cases. In present 

case, the EDX of rGO shows a C/O atomic ratio of 20.9 from 5.4 in GO, which is much 

higher than the typical value showing that the synthesized product is almost close to 

graphene. However, there are still a significant amount of oxygen atom present, 

indicating it is more perfect to call it rGO. 

 

Table 5.8- Elemental composition of rGO 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.14- EDX spectra of rGO 

Sample Location C (atomic %) O (atomic %) 

1 95.29 4.71 

2 95.56 4.44 

3 95.46 4.51 

Average 95.44 4.56 

Location 1 Location 2 

Location 3 
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5.2.3.3 rGO/Mn-oxide Binary Nanocomposite 

The EDX of rGO/Mn binary nanocomposite is a clear evidence of the formation of 

manganese oxide nanoparticle on reduced graphene oxide sheet. The relative abundance 

of oxygen atom compared to manganese atom can attributed to the presence of moisture 

along with some oxygen containing functional group of rGO. 

 

 Table 5.9- Elemental composition of rGO/Mn-oxide  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.15- EDX spectra of rGO/Mn-oxide 

Sample 

Location 

C (atomic %) O (atomic %) Mn (atomic %) 

1 67.56 25.18 7.26 

2 66.05 27.09 6.85 

3 50.12 37.33 12.55 

Average 61.24 29.87 8.88 

Location 1 Location 2 

Location 3 
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5.2.3.4 rGO/Sn-oxide Binary Nanocomposite 

The EDX of rGO/Sn-oxide binary nanocomposite shows presence of a significant amount 

of tin atom supporting the formation tin oxide nanoparticle on rGO surface. Higher 

amount of oxygen atom compared to tin indicate the presence of higher extent of moisture 

in the composite structure.  

 

Table 5.10- Elemental composition of rGO/Sn-oxide 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.16- EDX spectra of rGO/Sn-oxide 

Sample Location C (atomic %) O (atomic %) Sn (atomic %) 

1 56.87 35.59 7.54 

2 57.74 34.94 7.32 

3 61.92 30.96 7.12 

Average 58.84 33.83 7.33 

Location 1 Location 2 

Location 3 
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5.2.3.5 rGO/Mn-oxide/Sn-oxide Ternary Nanocomposite 

The EDX of the rGO/Mn-oxide/Sn-oxide ternary nanocomposite heated under inert 

shows the presence of a balanced amount of manganese and tin which are present as their 

oxides suggesting a higher amount of loading of nanoparticles on rGO surface. 

 

 Table 5.11- Elemental composition of rGO/Mn-oxide/Sn-oxide 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.17- EDX spectra of rGO/Mn-oxide/Sn-oxide  

Sample 

Location 

C (atomic %) O (atomic %) Mn (atomic %) Sn (atomic %) 

1 55.32 30.93 9.53 4.21 

2 58.10 27.57 11.01 3.33 

3 61.56 24.18 11.19 3.07 

Average 58.32 27.56 10.58 3.54 

Location 1 Location 2 

Location 3 
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5.2.4 X-Ray Diffraction (XRD) Analysis 

5.2.4.1 Graphene Oxide (GO) 

 
Fig. 5.18- XRD pattern of GO 

The XRD pattern of the synthesized GO via Hummers method is shown in the figure. It 

shows a strong, sharp peak at 2θ = 11.26° belongs to the (001) reflection of GO indicating 

a successful conversion of graphite powder to graphene oxide [26]. Using the Scherrer 

formulae the interlayer spacing was found to be 7.85 Å, much higher than that of pristine 

graphite (3.4 Å), attributed to the presence of various oxygen containing functional 

groups at the basal plane of GO. The weak peak at 2θ = 42.35° belongs to the (101) plane 

of graphite, indicating the traces of the starting material (graphite flake) at a very low 

extent [27]. 

5.2.4.2 Reduced Graphene Oxide (rGO) 

The XRD pattern of rGO obtained from GO through thermal annealing at 400°C shows 

characteristic peak at 2θ = 24.75° and 2θ = 43.5° belongs to the (002) and (100) plane of 

graphene layer respectively signaling almost complete reduction of GO (JCPDS No. 75-
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1621) [28]. The interlayer spacing fall to 3.59 Å from 7.85 Å of GO, which is in agreement 

with the removal of oxygen containing functional groups from GO sheets due to thermal 

annealing. 

 

Fig. 5.19- XRD pattern of rGO 

5.2.4.3 rGO/Mn-oxide Binary Nanocomposite 

The XRD of the rGO/Mn-oxide nanocomposite shows the formation of Mn3O4 and MnO 

on the surface of rGO. The peaks at 2θ values 18°, 28.9°, 32.3°, 36°, 38°, 44.4°, 50.64°, 

54.05°, 56.1°, 59.8°, 64.6° are attributed to (211), (112), (105), (211), (004), (220), (105), 

(015), ( 303), (224), (440) planes of Mn3O4 (JCPDS card no. 24-0734, Space group: 

I41/amd; Structure: Tetragonal (Spinel); a = 5.762 Å, b = 5.762 Å, c = 9.469 Å) and 2θ 

values 35°, 40.57°, 58.7° are attributed  to (111), (200), (224) planes of MnO (JCPDS 
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card no. 75-1090, Space group: Fm3m; Lattice system: Cubic (Rocksalt); a = 4.430 Å, 

b = 4.430 Å, c = 4.430 Å) [29-31] . 

Fig. 5.20- XRD pattern of rGO/Mn-oxide 

The crystallite size of Mn3O4 and MnO was calculated to be 20.3 nm (a = 5.19 Å, c = 

11.41 Å) and 48.3 nm (a = 4.42 Å). It is notable that, the major peak from (211) plane of 

Mn3O4 is much stronger than that from (200) plane of MnO indicating the relative higher 

ratio of the former one than the later. The hazy peak at 2θ = ~ 25.1° can be attributed to 

(002) plane of rGO sheet [28].The absence of any sharp peak related to rGO indicate the 

surface was covered with high amount of manganese oxides. 

5.2.4.4 rGO/Sn-oxide Binary Nanocomposite 

The XRD of the rGO/Sn-oxide nanocomposite shows the formation of SnO2 

nanoparticles on the surface of rGO. The peaks at 2θ values 26.64°, 33.85°, 37.76°, 

51.82°, 54.88°, 58.3°, 61.46°, 65.37° are associated with (110), (101), (200), (211), (220), 

(002), (310), (112) plane of SnO2 (JCPDS card no. 41-1445, Space group: P42/mnm; 
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Lattice system: Tetragonal (Rutile); a = 4.74 Å, b = 4.74 Å, c = 3.19 Å) and the small 

peak at 2θ = 42.82° is related to the hexagonal structure of carbon from rGO sheet [32-33]. 

The crystallite size of SnO2 was calculated to be 4.4 nm (a = 4.72, b = 3.13 Å). 

 

Fig. 5.21- XRD pattern of rGO/Sn-oxide 

5.2.4.5 rGO/Mn-oxide/Sn-oxide Ternary Nanocomposite 

The XRD of the rGO/Mn-oxide/Sn-oxide ternary nanocomposite annealed under inert 

atmosphere shows mostly broad peak compared to the binary nanocomposites indicating 

poor crystallinity and low crystallite size. The peaks at 17.86°, 28.9°,36°, 38° and 59.71° 

were traced to (211), (112), (211), (004) and (224) planes of Mn3O4. The peaks at 35° 

and 58.7° were traced to (111) and (224) plane of MnO. The peaks at 34.07° and 51.9° 

were traced to (101) and (211) planes of SnO2 along with contribution from different 

planes of manganese oxides. No peak for rGO was obtained possibly due to the higher 

amount of nanoparticles anchored on its surface. 



 

Chapter 5: Results and Discussion 
 ______________________________________________________________________  
 

 ______________________________________________________________________  
Page | 86 

 

Fig. 5.22- XRD pattern of rGO/Mn-oxide/Sn-oxide 

XRD analysis results from the synthesized materials altogether can be shown as follow- 

Table 5.12- Crystallite size and lattice parameters of metal oxides in the nanocomposite 

M-oxide Crystallite 

size (nm) 

Crystal 

system 

Lattice parameters (Å) 

a b c 

Mn3O4 20.3 Tetragonal 5.19 5.19 11.41 

MnO 48.3 Cubic 4.42 4.42 4.42 

SnO2 4.8 Tetragonal 4.72 4.72 3.13 
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Fig. 5.23- XRD pattern of GO, rGO and the nanocomposites 
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5.2.5 Thermogravimetric Analysis (TGA) 

 

Fig. 5.24- TGA diagram of binary and ternary nanocomposites 

The TGA graph of rGO/Mn-oxide shows, 2.90% weight loss within the temperature 

range of 23.79°- 205.74°C owing to the removal of surface absorbed water, 8.76% weight 

loss within 205.74° - 530.38°C mainly due to the loss of oxygen containing functional 

groups leading to evaporation of CO and CO2 and finally retain 88.34% at 800°C. The 

TGA graph of rGO/Sn-oxide shows, 5.94% weight loss within 20.05°-139.42°C resulting 

from loss of moisture, 1.55% weight loss within 139.42° - 306.92°C due to the removal 

of oxygen containing functional groups as CO or CO2, 26.17% weight loss within 306.92° 

- 600.78°C due to the oxidation of rGO sheet exposed and finally reaches 66.34% weight 

at 800°C.   

The TGA graph of rGO/Mn-oxide/Sn-oxide shows, 5.41% weight loss within 20.71° - 

266.92°C from loss of moisture and interlayer water mainly, 5.69% weight loss within 

266.92° - 634.07°C from loss of oxygen containing functional groups and finally reaches 

88.73% weight at 800°C. 
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All of the TGA graphs can be seen to follow a similar pattern possibly due to their 

synthesis from similar elements. Three segments are notable among the curves. The first 

segment lies within room temperature to ~ 250°C, due to loss of absorbed moisture 

mainly. The next segment lies within 250° - 650°C, mainly due to the removal of oxygen 

containing groups along with oxidation of rGO. But, the oxidation of rGO was prominent 

in case of rGO/Sn-oxide, within 300° - 600°C, most probably resulting from its higher 

exposed area of rGO. 

All of the results from TGA has been summarized below- 

Table 5.13- TGA data of the nanocomposites 

Samples Range of temperature (°C) Mass 

retained at 

800° C 

(%) 

Mass loss (%) 

rGO/Mn-oxide 23.7°-205.7° 205.7°-530.3° 530.3°-800° 88.34% 

2.90% 8.76% 0% 

rGO/Sn-oxide 20.1°-139.4° 139.4°-306.9° 306.9°-

600.7° 

600.7°

-800° 

66.34% 

5.94% 1.55% 26.17% 0% 

rGO/Mn-

oxide/Sn-oxide 

20.7°-266.9° 266.9°-634.1° 634.°-800° 88.73% 

5.41% 5.69% 0.17% 

Explanation  Evaporation 

of absorbed 

moisture and 

interlayer 

water 

Loss of 

oxygen 

containing 

functional 

groups with 

evaporation as 

CO, CO2 

Oxidation of 

carbon from rGO 

Thermally 

stable at 

800° C 
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5.3 Investigation of the Behaviour in Dye Decolourization 

5.3.1 Determination of Molar absorption coefficient 

Molar absorption coefficient,  was determined from the slope of the plot of absorbance 

against concentration of MB solutions at different concentration (viz. 1, 3, 5, 7 and 10 

ppm) at ~ 30°C. 

Table 5.14- Absorbance of MB at different concentrations, max = 664 nm 

Run no. [MB] ppm Absorbance 

1 1 0.282 

2 3 0.894 

3 5 1.209 

4 7 1.853 

5 10 2.572 

 

 

Fig. 5.25- Absorbance of MB solution at different concentrations 

Following Beer-Lambert law (A = cl), from the above graph, it was found that, 

molar absorption coefficient, × 104 L mol-1 cm-1. 
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5.3.2 Determination of Equilibrium Time of Interaction 

Equilibrium time of interaction with MB solution for the ternary nanocomposite was 

determined to be 75 minutes, by observing absorbance and final equilibrium 

concentration of MB via Beer-Lambert law at different time intervals viz. 0, 15, 30, 45, 

60, 75, 90 and 120 minutes at pH = 7. 

Table 5.15- Determination of equilibrium time of interaction 

Run no. Time(min) Inert treated 

Absorbance [MB]× 106 M 

1 0 0.995 10.7 

2 15 0.604 6.48 

3 30 0.656 7.04 

4 45 0.649 6.96 

5 60 0.685 7.35 

6 75 0.586 6.28 

7 90 0.605 6.49 

8 120 0.600 6.44 
 

 

Fig. 5.26- Determination of equilibrium time of interaction 
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Fig. 5.27- UV spectra of the ternary nanocomposite at different time intervals 

5.3.3 Effect of Contact Time 

The effect of contact time on the removal of MB dye by the nanocomposites was observed 

by calculating specific amount adsorbed from the concentration of MB in the resulting 

supernatants after 0, 5, 10, 15, 20, 30, 45, 60 and 75 minutes of interaction, at pH=3, 

using the formulae, 

𝐪𝐭 = (
𝐂𝟎 − 𝐂𝐭
𝐦

 )  𝐕 

Where, C0 and Ct are the initial and equilibrium concentrations of MB in solution 

(mg/L), V is the volume of solution (L), m is the mass of adsorbent (g). 

It was found that, among the composites highest capacity, 17.7 mg/g was shown by the 

ternary nanocomposite which was almost same, but slightly higher to specific adsorption 

capacity 17.5 mg/g of rGO/Mn-oxide and 17.4 mg/g of rGO/Sn-oxide binary 

nanocomposite. 
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Table 5.16- Effect of contact time on MB dye removal by the nanocomposites 

Run 

no. 

Time 

(min) 

rGO/Mn-oxide/Sn-

oxide 

rGO/Mn-oxide rGO/Sn-oxide 

Abs. qt (mg/g) Abs. qt(mg/g) Abs. qt(mg/g) 

1 0 0.944 0 0.953 0 0.964 0 

2 5 0.364 11.0 0.105 16.1 0.529 8.23 

3 10 0.223 13.7 0.081 16.6 0.298 12.6 

4 15 0.155 15.0 0.064 16.9 0.177 15 

5 20 0.132 16.4 0.065 16.9 0.170 15.1 

6 30 0.084 16.6 0.043 17.3 0.078 16.8 

7 45 0.07 17.3 0.05 17.2 0.141 15.6 

8 60 0.033 17.3 0.042 17.3 0.083 16.7 

9 75 0.035 17.7 0.035 17.5 0.051 17.4 

 

Fig. 5.28- Effect of contact time on MB dye removal by the nanocomposites 
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5.3.4 Effect of pH 

The effect of pH on MB dye removal by the ternary nanocomposite was unraveled by 

conducting experiment at an acidic pH 3, a basic pH 10 and at the neutral pH 7 and 

calculating percentage of removal of MB at those pH values using the formulae, 

%E = (
C0 − Ce
C0

)  × 100 

Where, C0 and Ce are the initial and equilibrium concentrations of MB in solution (M). 

It was found that the ternary nanocomposite shows maximum dye removal capacity at 

lower pH value and it falls around pH = 4 indicating the change of surface charge i.e. 

point of zero charge (PZC). After PZC, the surface of nanocomposite may have turned 

positive and repulsed MB, provided that methylene blue is a basic, cationic dye [34-35]. 

Table 5.17- Effect of pH on MB dye removal by the ternary nanocomposite 

pH rGO/Mn-oxide/Sn-oxide 

Initial conc. C0 ×106 M Equilibrium conc.Ce  ×106 M Removal (%) 

1 8.78 0.23 97.3 

3 10.1 0.37 96.3 

5 9.50 6.05 36.2 

7 10.7 6.28 41.3 

10 8.33 6.32 24.1 
 

 
Fig. 5.29- Effect of pH on MB dye removal by the ternary nanocomposite 
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5.3.5 Effect of Dose 

The effect of dose on dye removal by the ternary nanocomposite was analyzed by 

performing dye removal with two different amount 5 and 10 mg of the ternary 

nanocomposite treated under inert atmosphere with same volume of MB solution 25mL 

for equilibrium time 75 minutes at pH = 3. It was noted that, with increase in dose, 

specific adsorption capacity and removal rate both falls which may be attributed to 

possible aggregation of nanoparticles at higher dose [36]. 

Table 5.18- Effect of dose on MB dye removal by the ternary nanocomposite 

Amount 

m (mg) 

Initial conc. 

C0 ×106 M 

Equilibrium 

conc.Ce  

×106 M 

Percentage of 

removal, % E 

=(𝐂𝟎−𝐂𝐞
𝐂𝟎
) ×

𝟏𝟎𝟎 

Specific 

amount 

adsorbed, qe 

=(𝐂𝟎−𝐂𝐞
𝐦
 )  𝐕 

2 10 0.38 96.1 42.8 

5 10.1 0.37 96.3 18 

10 10.4 1.22 88.3 8.7 

20 10 0.51 94.8 4.2 
 

 

Fig. 5.30- Effect of dose on MB dye removal by the ternary nanocomposite 
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5.4 Investigation of Electrochemical Behaviour 

5.4.1 Cyclic Voltammetry (CV) 

Cyclic voltammetry (CV) of the samples was initially performed within -0.5 V to 1.0 V 

at 100 mV/s scan rate, to observe the nature of cyclic voltammogram of the 

nanocomposites. It showed almost symmetric shape within 0 - 0.6 V indicating a non-

Faradic behaviour. 

 
Fig. 5.31- Cyclic voltammogram of rGO/Mn-oxide/Sn-oxide ternary nanocomposite 

 
Fig. 5.32- Non-faradic behaviour of rGO/Mn-oxide/Sn-oxide ternary nanocomposite 
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The non-Faradic behaviour is attributed to electrochemical double layer charge storage 

mechanism, i.e. capacitance. CV of the ternary nanocomposite at different scan rate 

shows increase of current with the increase of scan rate, as per Randles–Sevcik equation 

(current proportional to the square root of scan rate), which is due to mass transfer ion 

adsorption-desorption, indicating porus nature of the composite, an important factor for 

charge storage by electrochemical double layer capacitor (EDLC) [37]. 

However, within an extended potential window 0 - 1.0 V, cyclic voltammogram appears 

with slightly distorted shape indicating presence of Faradic process and charge storage in 

the extended region by Faradic process is known as pseudocapacitance. The observation 

of increase of current with the increase of scan rate was present here too. 

 
Fig. 5.33- Faradic behaviour of rGO/Mn-oxide/Sn-oxide ternary nanocomposite 

5.4.2 Chronopotentiometry (CP) 

Galvanostatic charging-discharging (GCD) was performed within the potential windows 

suggested from CV at different current density to have idea about the capacitive ability 

of the nanocomposites. The value of specific capacitance was obtained using the 

formulae, 

Cs = 
it

m∆V
=
jt

∆V
 

Where, Cs is mass-specific capacitance in F/g, i is current in A, m is mass of active 

material in g, j is current density in A/g, t is time in s and V is the potential window. 
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Fig. 5.34- GCD curve of the ternary nanocomposite within 0 - 0.6 V at 0.5, 0.8, 1, 3 and 

5 A/g 

 
Fig. 5.35- GCD curve of the ternary nanocomposite within 0 - 1.0 V at 0.5, 0.8, 1, 3 and 

5 A/g 
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GCD within 0 - 0.6 V at 0.5, 0.8, 1, 3 and 5 A/g shows specific capacitance 53.2, 48.2, 

45.3, 35.6 and 29.5 F/g respectively. These values increase with the extension of potential 

window. GCD within 0 - 1.0 V at 0.5, 0.8, 1, 3 and 5 A/g shows specific capacitance 

145.1, 141.3, 139.3, 121.29 and 114.5 A/g respectively. The decrease in capacitance at 

higher current density is attributed to the restriction arise from faster movement of 

electrolyte ions towards adsorption sites [38]. 

However, the ternary nanocomposite shows a lower specific capacitance in comparison 

to the binary nanocomposites. Within 0 - 1.0 V at 0.5 A/g current density, the rGO/Mn-

oxide/Sn-oxide ternary nanocomposite, rGO/Mn-oxide and rGO/Sn-oxide binary 

nanocomposites shows specific capacitance 145.6, 463.8 and 178.3 F/g respectively. The 

low specific capacitance of the ternary nanocomposite in comparison to the binaries 

particularly rGO/Mn-oxide is possibly due to the higher ratio of MnO in compared to 

Mn3O4 in the ternary nanocomposite. The oxidation number of Mn in Mn3O4 and MnO 

is +2.66 and +2 respectively. During the oxidation of Sn2+ to Sn4+ in the preparation step, 

the Mn3O4 on rGO surface are favoured to reduction to MnO which is reported to possess 

less capacitive ability than Mn3O4. 

 
Fig. 5.36- GCD curve of the nanocomposites within 0 - 1.0 V at 0.5 A/g 
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Although the ternary nanocomposite shows relatively lower specific capacitance 

compared to the binaries, its ratio of discharging/charging time, 0.84 is higher than that 

of rGO/Mn-ox, 0.26 and rGO/Sn-ox, 0.69. 

Table 5.19- Specific capacitance of the nanocomposites at 0.5 A/g current density  

Sample Specific Capacitance 

(F/g) 

Discharge/charge 

time ratio 

rGo/Mn-oxide 463.8 0.26 

rGO/Sn-oxide 178.3 0.69 

rGO/Mn-oxide/Sn-oxide 145.6 0.84 

 
Fig. 5.37- Capacitance retention profile of the nanocomposites within 0 - 1 V at 5 A/g for 

first 50 cycles 

Chronopotentiometry was also used to explore the cyclic stability of the nanocomposites. 

Chronopotentiometry was recorded at 5 A/g, initially, for first 50 cycles and they showed 

uniform structure. Specific capacitance was calculated with an interval of 5 cycles. It 

showed that the rGO/Mn-ox and rGO/Sn-ox binary nanocomposites and the rGO/Mn-

ox/Sn-ox ternary nanocomposite retains 110.52%, 96.41% and 112.5% specific capacity 
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respectively after 50 cycles. Thus the ternary nanocomposite shows maximum retention 

capacity. The preliminary increase in the capacitance can be explained as a result of 

complete exposure of the active sites of the electrode to the electrolyte after repeated 

charging/discharging [39]. The specific and the interfacial capacitance values are 

decreased by a certain amount with increasing number of cycles due to the loss of active 

material caused by dissolution and/or detachment during the early charging and 

discharging cycles in the electrolyte [40]. 

 

 

 

 

 

 

 

Fig. 5.38- Capacitance retention profile of the ternary nanocomposite within 0 - 1 V at 5 

A/g for first 500 cycles 

Fig. 5.39- Curve of first (left) and last (right) ten cycles of the GCD test of the ternary 

nanocomposite for 500 cycles 

The ternary nanocomposite was further studied for longer cycles under same conditions 

and it was found to retain 84% of its capacitance after 500 cycle. 
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5.4.3 Electrochemical Impedance Spectroscopy (EIS) 

Electrochemical impedance spectroscopy is a powerful tool to realize the capacitive 

behaviour of the system by providing information on possible electrochemical reactions 

taking place at the electrode surface, presence of possible types of resistances and 

describing dependency of impedance on frequency of current. 

 

Fig. 5.40- Nyquist plot for the ternary and binary nanocomposites in 0.5M Na2SO4 

aqueous solution recorded at ~ 30°C with open circuit voltage of 0 V and amplitude of 

10 mV over a frequency range of 0.01 - 500 kHz. 

The Nyquist plot from EIS measurement of the nanocomposites shows similar shape 

indicating similar structure of the nanocomposites. At high frequency region, both of the 

two binary nanocomposites shows a small semicircle appearance indicating presence of 

charge transfer resistance at some extent. But, the ternary nanocomposite shows almost 

linear shape indicating almost no charge transfer resistance. At, low frequency, the 

imaginary part of the impedance curves approaches a vertical line associated with 

Warburg impedance from diffusion, indicating good capacitive behavior [41-43]. It can be 
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seen that the slope of the straight line for the binaries are larger than that of the ternary 

nanocomposite, indicating a lower diffusive resistance of the electrolyte for the ternary 

nanocomposite. 

As an equivalent circuit model, the following Randles circuit can be proposed-  

 

Fig. 5.41- Randles circuit representing the equivalent circuit for the nanocomposites 

under experiment 

Where, Rs represents electrolyte resistance, Cdl stands for electrical double layer that is 

formed on the interface between electrode and its surrounding electrolyte as ions from 

the solution adsorb onto the electrode surface, Cp represents pseudocapacitance, Rct 

represents the charge transfer resistance from kinetically controlled electrochemical 

reaction and W represents the Warburg impedance arise from diffusion [44-45]. 
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6. Conclusion 

Graphene/Mn-oxide/Sn-oxide ternary nanocomposites can be successfully synthesized 

along with its binaries by following wet chemical route as it was confirmed with FTIR, 

EDX and XRD in the present study while the composition of the composite was studied 

with EDX and TGA and the structural characterization of the synthesized materials were 

performed using FESEM, XRD and TGA. 

Structural characterization showed that, the Graphene/Mn-oxide binary nanocomposite 

is consist of tetragonal Mn3O4 and a few cubic MnO, while the Graphene/Sn-oxide binary 

nanocomposite is consist of tetragonal SnO2. The Graphene/Mn-oxide/Sn-oxide ternary 

nanocomposite contains all the nanoparticles of binaries, but with a different extent. 

Suitability of the ternary nanocomposite in dye removal was studied with MB as a model 

dye using UV-Vis absorption spectroscopy. Study of pH effect showed that, it shows 

maximum adsorption capacity at acidic pH. In the study of contact time, with 5 mg 

sample in 5 ppm MB solution of pH = 3 at ~ 30°C, the ternary nanocomposite showed a 

specific adsorption capacity of 17.7 mg/g, while that of graphene/Mn-oxide and 

graphene/Sn-oxide binary nanocomposites, under same conditions, was 17.5 mg/g and 

17.4 mg/g respectively; suggesting that, the binary and the ternary nanocomposites have 

almost same amount of surface area. Study of dose effect revealed that, it is more 

effective at lower dose, possibly due to its aggregation at higher dose resulting to low 

surface area and hence low specific adsorption capacity. 

The electrochemical capacitive behaviour of the ternary nanocomposite was explored 

using electrochemical working station with CV, CP and EIS. Three electrode system 

including surface modified graphite electrode as working electrode in 0.5 M Na2SO4 was 

employed. The range of 0 - 1.0 V was chosen as the working potential window from CV. 

GCD within that window at 0.5 A/g, showed a specific capacitance of 145.6 F/g, while 

under the same conditions, the graphene/Mn-oxide and the graphene/Sn-oxide binary 

nanocomposites showed 463.8 and 178.3 F/g specific capacitance respectively. The 

difference was attributed to the different ratio of the oxide forms of metals on graphene 

and their nature in nanocomposites. After, 500 cycles of GCD at 5 A/g, the ternary 

naocomposite retained 84% of its capacity. EIS study found that, the ternary 

nanocomposite possess lowest charge transfer resistance among the three synthesized 

nanocomposites, implying it as a good capacitive material. 


