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ABSTRACT 

Graphene oxide (GO) was prepared by usmg modified hummer method followed by 

synthesis of nanoparticles of CeS2, CeSnS2, CeSnS2/GO, CeS2/GO via hydro-thermal 

process. The characterization of the prepared materials was perfonned by using XRD and 

FTIR. The results were found in accordance with literatme values establishing their 

successful synthesis. The XRD results showed the presence of hexagonal structure of GO 

and Orthorhombic structure of CeS2 nanoparticles. FTIR analysis was done to check the 

presence of respective functional groups. The electrochemical characterization was done by 

using the cyclic voltammetry technique where the quasi reversible phenomenon was 

observed on the surface of the electrode. CV and GDC helped to find out various parameters 

for capacitance, energy density, cmrent density and power density which confirmed the use 

of the synthesized materials in energy devices as viable candidates. The comparison of 

obtained data showed that doping could enhance the electrical and ionic conducting ability of 

capacity, energy density and power density. The Ceo.ssSno.4sSINF gives excellent specific 

capacitance of 808.57Fg-1 at the scan rate of IOmV/s. CeS2INF shows 33 .2IWh/kg energy 

density and 250W/kg power density at current density of O.1A/g. (Ceo.5SSno.4SS/GO)/NF 

Composites behavior show more closely to electric double layer capacitor. Sn-doping 

increases the ionic and electronic conducting behavior ofCeS2 nanoparticles. 

Key Words: Supercapacitor, nanoparticles, Energy density and capacitance. 



CHAPTER-Ol INTRODUCTION 

1.1 Capacitors 

It is an electrochemjcal device, which consist of two plates (electrodes) separated 

through some dielectric materials. It is also known as Conventional or electrostatic capacitor. 

The figure 1.1 shows that when an external voltage is applied, opposite charges start motion 

towards opposite charge electrodes (positive charges towards negative electrode and negative 

charges towards positive electrode) and accumulates on their surfaces. These two electrodes 

which are separated through dielectric layer generate an electric field, which allow the 

capacitor to store electric charge' . The resulting electric field allows the device to store 

energy. Generally, capacitors are important for its fast release of energy2. However, they are 

unable to store energy for a long time. The important attribute of capacitor is to store electric 

charge is called its capacjtance3
. 

• • 
+ ~ 

II -•• Dielectric P! 
E 

Figure 1.1 Schematic of an electrostatic capacitor(Reproduced4
) 

1.1.1 Capacitance 

The capability of a capacjtor to store charge is called capacitance of the capacitor 

OR 

The ratio of charges to extennal voltage is called capacitance; 

Q = CV .... . ......... ....... . .. Equation l.l 

1 



C is called the capacitance of the capacitor which is inversely related to the separation 

between the electrodes and directly on the smface area of the electrodes. Mathematically it 

can be written as fo 1l0wing5
. 

C = £ ~oo 00 00 00 00 00 00 00 00 00 .. 00 00 00 00 ' Equation 1.2 

E is the constant of propOitionality. Known as permittivity constant of the medium between 

plates. 

There are two main attributes of the capacitors, power density and energy density. To 

measure anyone of these, they can be determined as quantities per unit volume or per unit 

mass. Mathematically the energy can be represented as6
: 

E =; CV2 
. .. .. . .. ........... ... . .. .. Equation 1.3 

It is shown from the equation that energy is directly proportional to the capacitance of the 

capacitor. To calculate the power density, we need the time taken to discharge the capacitor 

completely. Mathematically power can be written as6 

dE P =- .... ...... .. ... .. ........... ........... .......... .. ...... ..... Equation 1.4 
dt 

Internal materials of the capacitor like electrodes, dielectric materials and current collectors 

combinedly contribute to resistance, which is combinedly known as ESR (equivalent serjes 

resistance). durjng the discharge voltage is measured by this resistance. The power of the 

capadtor js represented as 7 

V2 
Plllax = 4xESR ............ .... ................... Equation 1.5 

The above equation shows the relationship between the power and ESR. Power is inversely 

dependent on ESR. it is clearly shown from the equation that how the P lllax is limiting due to 

ESR. Generally, the capadtors have relatively higher power density (even higher than 5000 

Wkg- I
) However, energy delilsity js low.er (0.01 -0.05 Wh/kg) . 

2 
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Figure 1.2 Schematic diagram oia capacitor((Reproduced 8) 

1.2 Supercapacitors 

Supel'capacitors ave energy storage devices, which are also known as electrochemical 

capacitors or ultracapacitors. Supercapacitors achieve capacitances several times larger than 

conventional capacitors by utilizing thin electrolytic dielectrics and high surface area of 

materials of electrodes9
-
lo

. Due to this reason supercapacitors are capable to store greater 

energy densities. As shown in the figure 1.3 Like conventional capacitors supercapacitors 

also consist of two electrodes. which are highly porous. these electrodes are dipped in an 

electrolytic solution and are separated through a dielectric medium. This medium or layer is 

permeable for charges to pass through I I . When the voltage from external source is applied to 

supercapacitor, opposite charges moves toward opposite electrodes (positive towards negative 

and negative towards positive) and accumulate on the surface of electrodes. Ions passes 

through the dielectric memb>rane alild adsorb into the pores of electrodes. The electrodes don't 

alIow the recombination of nhe ions. Two layers of charges formed at each of the electrode 10 . 

High surface area and higb porosity for the materials of electrodes is desired to get higher 

energy density. 1fhin membmne is used as a dielectr,ic separator. In this way we can improve 

the energy and capacitance dramatically. In addition to this, we can maintain a considerab1e 

higher power density wjth a lower ESR (equivalent series resistance) value whioh is 

comparable with general capacitors. Supercapacitors are mainly divided in 3 types,12. Whioh 

are discussed below. 

3 
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Figure 1.3 schematic diagram of Supercapacitor((Reproduced 13) 

1.3 Electrochemical Double-Layer Capacitors 

Such type of capacjtor has two electrodes (carbon based), filter and an electrolyte. 

Like conventjomal capacitors, they store charge non-faradaically. No redox reactions occur. 

Energy store in the form of ~lectrical doubJe layer (charges). When external source ofvoJtage 

is applied, opposite charges move towards their respective electrodes. Due to the attraction of 

unlike charges ions defuse into the pores of the electrodes from electrolytic so lution through 

separator 1 4. However, the recombination of charged particles is prevented by the electrodes. 

So, two layers of charges formed. A decrease in the separation of electrodes contributes with 

double layers to aohieve higher emergy density. The performance of the device can be 

controlled by adjl!lsting lihe nature of IIlateria,ls of the electrodes. An organic or aqueol!ls 

eleotrolyte caJillbe used,in iEDLCs. Such as KOH, H2S04 have general,ly ·low ESR than organic 

eleotrolytes. e.g. acetonitnile l5
. A detailed comparison between electrolytes js beyond of this 

work. ['he classes of EDLC can be distinguished by their electrode materials. Generally, the 

electrode materials of carbon exhibit higher surface area, low cost, and more ecofriendly 

fabrication teohniql!les comparatively 16. 
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Figure 1.4 Electrical double layer capacitor(Reproduced 17) 

1.4 Pseudocapacitor 

Unlike to EDLCs, that store charge non-faradaically, pseudocapacitor stores the 

charges through the redox reactions between electrolytes and the electrodes. Such type of 

behavior is termed as faradaic behaviOT. This is done by electro sorption, redox reactions. The 

redox reactions may Contribute with pseudocapacitor to achieve greater energy densities and 

speoific capacitmlce than EDLCs 18. Two electrode materials are being used in 

pseudocapacitor for storing charges. '['bey are metal oxides and conducting polymers 19 . 

Pseudocapacitance with specifically adsorbed ions 

;. __ +~_ Solvated 
cations 

Polarized 
solvent 
molecules 

Specifically 
~ .... ---+ "lf"Io- adsorbed Ions 

(redox Ions) 

Separator 

Figure 1. 5 Pseudocapacitance 
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1.5 Hybrid capacitors 

Hybrid capacitors act as a bridge between pseudo capacitors and EDLCs. Because 

hybrid capacitor store charge both electrostatically and faradaically. It is to exploit both the 

relative merits and demerits of pseudocapacitors and EDLCs. That's why their power and 

energy densities are relatively greater than EDLCs. Affordabil1ty and cycling stability are the 

limitations of EDLCS20-2 1. These limitations degrade the EDLCs in comparison to hybrid 

capacitors. Three main types of hybrid capacitors are differentiated by their electrode 

materials. Asymmetric, battery type and composites22 . 

Figure 1.6 Hybrid capacitor(Reproduced 23) 

1.6 Batteries 

Batteries are most common power sources for different applications in industrial and 

consumer electronics. Battery is an electronic device that converts stored chemical energy 

into electrical energy through special chemical reaction. A general battery consists of single 

or more electrochemical cells. Each complete cell comprises two electrodes. These two 

electrodes are connected electrically by an electrolyte with positive and negative charged 

ions24
. By the transport of anions and cations the polarity of the cell can be identified. During 

the process of charging, toe electrode with negative ions transport is known as anode, while 

the eleotrode with positive ions transport is known as cathode25
-26. 
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Figure 1. 7 The mechanisms by which battery works(Reproduced 27) 

1.6.1 Types of Batteries 

Batteries are divided into two groups. Disposable batteries and rechargeable batteries. 

Disposable batteries are designed to irreversibly convert the chemical energy into electrical 

energy. On the other hand, the rechargeable batteries can restore the original composition 

with charging process (e.g. lead acid, nickel metal hydride (NiMH), nickel-zinc (NiZn), 

nickel-cadmium (NiCd), and lithium-ion cells). It is concluded that, disposable batteries have 

higher energy density than rechargeable batteries2R 
• 

Lithium-ion batteries represent the best electrochemical cells with a high energy density 

of 120-170 Wh/kg, moderate weight and no memory effect as well. In spite of their high 

specific energy, the lithium-ion batteries and their substitutes are characterized by low 

charge-discharge rates or ·Iow power density29. 

The anode of a commercial bthium-ion ce ll is composed of graphite or other carbon 

materials. Typically, the cathode material is lithium intercalated compounds like iron 

phosphate, cobalt oxide, malilgalilese oxide, and nickel oxides. 'The lithium ions can migrate 

into and away from both eleotrodes. During the charging process, the lithium ions move into 

the graphite anode. In the discharge process, when connected to an external load, the ions 

migrate back to the cathode. 1Plne dithium ion is highly reac6ve and can react with water in the 

electrolyte forming bydrogen gas and lithium hydroxide. Thus, the organic e and a well

sealed paokaging method are employed in lithium ion batteries to minimize the possibibty of 

dangerous reactions30-31 . 
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Figure 1.8 charge/discharge mechanisms of a lithium ion battel'y(Reproduced 33) 

1. 7 Comparison among electrochemical energy storage devices 

Figure 1.8 shows bhe easy approach to differentiate between the perfonnance of 

various energy storage devices. It is also called the Ragone chart. Dash lines represent the 

total time required for cbarging and discharging the device. From the figure below, it is 

shown that as compare to fuel cells and batteries the conventional capacitors have relatively 

higher power density, but a very lower energy density. It indicates that the conventional 

capacitor requires very shOli time to charge or discharge and generates very high power, the 

capacitors cannot store much energy in unit mass. Fuel cells and batteries can store much 

more energy, but their dynamic perfonnances are very weak. The power density of 

supercapacitors is more liluan tmat of batterl4
• Charging and discharging of supercapacitors is 

rapid and can maintain a considerable high energy density35. For such reasons, 

supercapacitors have significant advantages in peak power delivery applications, like electric 

vehicles acceleration, regenerative braking, and steady power supply. Supercapacitors 

brjdge tbe power gap between batteries and capacitors and also hold number of other 

important properties36 . No cmemical chalilge occurs during the charge stor,ing process as it lis a 

physical 'PJlocess. 1I'herefore, it is highly "eversible and have a huge number of charge 

discbarge cycles, up to 1 million times37
. 
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Figure 1.9 comparison among drflerent storage devices(Reproduced 38) 

1.8 Nanoparticles 

Nanoparticles are also known as Nanoclusters, Nano Powder or Nanocrystals. These 

are microscopic particles, having one dimension less than 100 nm39
. Due to its vast variety of 

applications in different fields such as biomedical, optical and electronic, Nanoparticle 

become one of the most important area in scientific research4o. Nanoparticles have a 

numerous scientific influenoe because they made a bridge between mo lecular or atomic 

struoture and bulk materials. A bulk material with irrespective of its size should have 

peq)etual physical propemies, but it is not frequently the case at nano-scale. Properties of size

dependent have been observed in semiconductors for exarrwle quantum confinement etc, 

surface plasmon resonance in some metal particles and in magnetic particles the 

superparamagnetic propelities41
. 

As the size of the materials approach to roanoscale, their properties change as the 

percentage of atoms become significant at the outer surface of the materials. More than one 

micrometer for bulk materials the percentage of atoms become lower at surface of elements 

comparative to the whole number of atoms of the materials. Nanoparticles demonstrating 

many distinot properties which are comparative to bulk element. 
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For example, about the scale of 50 nm movement of copper cluster/atoms, occurring 

the bend of bulk copper (ribbon, wire etc.)42. 

Less than 50 nm of nanoparticle of copper have super hard materials that don ' t exhibit 

the properties like malleability and ductility like bulk copper. Continuously alteration in 

properties is not needed. Using thermal energy of room temperature magnetization pathway 

can switch by ferroelectric element having size less than 50 nm43 . Nanoparticle suspension is 

possible due to solvent jnteraotion w~tlu particle surface, this Tesult for t11e materials neither to 

float nOT sink in liquid. Nanopartic]es are sma ller enough to produce a quantum effect and to 

restrain their e leotrou. Dtle to his reason ~heir vjsible properties are often unexpected. For 

examp11e, in S(i)1l!1tiOJ1 luhe app1earaJaoe of gold lilaU<DpaJlnide is \)Iaok frOID deep red. As OOIiD,pru'e 

to volume Tanio n anoparticles nave very high surfaoe area. This provides a high dr ive foroe fOT 

diffu s-i<D ID , p1al ~ou llal'lly ;at lluoreased tetmlperablllres. 1IlIae meltcing point of na1!lopartficles aliso 

reduoe IlDy higb surfaoe area ltO voll!lJme ratcio44. 

;gIlphcne NanWirunond$ lWofibers ·NanoC'.Cllles EuJlJere ~ Nanon;jbes 
'- --" 
~------------------------~-- ~--------------------------

Figure 1.10 Carbon based nanoparticies 

1.9 Nanocomposites 

Those composites in whioh at least one phase shows dimension in nanometer range (l 

nm = 10-9 m)45 . Nanocomposites are suitable materials that overcome the limitations of 

monolithic and mjoro comp0sites. Nanocomposites have been reported in 21 51 century having 

property of combination and design uniqueness which were not present in the conventional 

composites. Tbe overall Imderstanding of these properties yet to be reached, even though in 

1992 the fITst inference was reported on them.46 The ohange in particle properties has been 

reported and can be observed also , and when the size of particle is less than a particular level 

than it is called critical size47. Moreover, at interface phase interaction enhanced because the 

dimension reached to nanometer level. Carbon nanotubes (eNTs) discovered in 1991 . By 
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constructing their composites w ith other nanoparticles shown unique e lectrica l48
, thermal and 

mechanical properties. This area added an interest ing and new dimension 49 Ut iliz ing CNTs 

as textiles lO and cornposite products made further inroads for the app lication and processing 

of CNT -containing nanomateria ls. Currently a busiJless occasions and new technology offer 

by nanocomposites fo r the entire segment of industry to make it environmentall y fr iend ly 5o. 

1.10 Metal sulfide 

In compan son to act ive materia ls wh ich are used for Pseudocapacitor show hig her 

conductivity such as hydrox ide, transition meta l oxides, metal Sulphides and their co mposites 

support a high-speed e lectron movement in e lectrodes and contr ibute even to a loading 

materia l which are highly active to spec ific capacitance. With high electronic conductiv ity 

most of the metal Su lphides are semiconductors51. Some are characterized as e lectronic 

conductors52(e.g. , N i3S2). Additionally, a higher capacitive performance is shown by binary 

and tertiary Sulphides as compared to single component Sulphides because of hig her 

electronic conduct ivities and their richer redox reactions resulting from the binary and ternary 

meta l ions synergistic effect5] This thesis has a detailed di scussion about the application of 

cerium Sulphides, tin doped cerium Sulphides and their compos ites with GO in 

supercapacitors app lications54-55 
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Chapter-02 EXPERIMENT AL EXPLORATION 

2 Method and materials 

2.1 Chemicals used 

Chemicals which were used in the preparation of CeS2, Tin doped CeS2, Graphene 

oxide and nanocomposites ofCeS2, Tin Dopes CeS2 with GO are given in the table below. 

Their names, molecular formulas and company names are mentioned in the following table. 

Table 2.1 Different chemicals used 

Sr. No 

2 

3 

4 

5 

6 

7 

Compounds 

Cerium Nitrate hexahydrate 

Sodium Sulfide 

ninehydrated 

Tin chloride dihydrate 

Potassium-per magnate 

Sulfuric Acid 

Powder graphite 

Nitric Acid 

2.2 Synthesis Procedures 

Chemical Formula 

C 

Supplier 

BDH AnalaR ® 

ARUNI-CHEM ® 

Merck ® 

BDH AnalaR ® 

BDH AnalaR ® 

Sigma-Aldrich ® 

BDH AnalaR ® 

2.2.1 Synthesis of Cerium Sulphide nanoparticles through hydrothermal method 

15 mJ of Cedum Nitrate hexahydrate solution (0.1 M) was mixed with 15 ml of Sodium 

Sulplllde (0.2 M) .Solution. The )nixture was stirred through magnetic stirrer at room 

temperature for 15 minutes. After this it was transferred into autoclave of 50 m l capacity. The 

autoclave was placed in furnace for 14 hrs under 200 °C temperature. Then the reaction 
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mixture was removed, centrifugated and was washed with distilled water. The product was 

dried at 60 °C for 5 hrs in oven56 . Final Product was obtained and was powdered. 

Cedum Sulfiae 
nanopal1tides 

Autod3~-e 

Gdnding 

Scheme 2.1 Flow sheet diagram for the synthesis of Cerium Sulphide 

2.2.2 Sy,nthesis of the Tin Doped Cerium Sulphide nanoparticies by hydrothermal 
method 

The same procedure was followed for Sn doped CeS2 as for the synthesis of CeS256-57 

but 6.75 ml of Cerium Nitrate nine hydrate added instead of 15 ill!. Tin acetate tetrahydrate 

solution (0.1 M) was added in the mixture of Cerium nitrate and sodium Sulphide solutions. 

Onward the procedure was same as for CeS2 synthesis. 
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.. 
Flow sheet diagram for the synth .... of Sa-doped Cerium sulfide 

Scheme 2.2 Flow sheet diagram for the synthesis of tin doped CeS2 

2.2.3 Synthesis of expanded graphite 

14 g of powdered graphite were taken in a beaker. 30 ml of each ofHN03 and H2S04 

was added. The mixture was stin'ed continuously for 15 min and then was kept for 3 days in 

the locker. After 3 days 800 ml of distilled water was added and then was centrifuged at 4500 

rpm for 20 min. The product was dried at 60°C for 3 hrs . The final product was expanded 

Graphite58, 59-60. 

Scheme 2.3 Flow sheet diagram for the preparation of expanded graphite 
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2.2.4 Graphene oxide synthesis 

Graphene oxide (GO) nanoparticles were synthesized through modified hummer 

method [4]. 4 g of expanded graphite was taken in a beaker and 75 ml of concentrated H2S04 

was added. It was stirred for 2 hrs in ice bath. After this, 12 grams of KMn04 was added. 

Again for 2 hrs in ice bath the mixture was continuously stirred at temperature below 35 DC. 

After this the reaction mixture was transferred to water bath and 375 ml of distilled water 

were added. Temperature was raised up to 90 DC for 3 hIS with continuous stirring. 

Furthermore, 300 ml of distilled water was added and stirred for 2 hrs at room temperature as. 

The final reaction mixture was centrifuged and then dried at 60 DC for 2 hrs. The final product 

was known as GO. 

Scheme 2.4 Flow sheet diagram Jor the preparation oj Graphene Oxide (modified 

hummar method) 

2.2.5 Hydrothelimai Sy,nthesis of CeS2/GO and Sn doped CeS2/GO nanocomposites 

Nanocomposites of doped and undoped nanoparticles of CeS2 with GO were prepared 

through hydrothermal method. Particular amount of nanoparticles and Graphene oxide were 
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taken in 1:] ratio by mass for composites formation. ] 5 ml of both of Cerium Nitrate 

hexahydrate and Sodium Sulfide ninehydrated solution were taken in a beaker having molarity 

0.1 M and 0.2 M respectively. 0.432 g of GO was added to this mixture and was sonicated for 

10 minutes. Then the reaction was shifted to autoclave. The autoclave was placed in a furnace 

at 200 DC for ] 4 hrs. The product was washed several times with distilled water and was 

centrifuged. The nanoparticles were dried in oven at 60 DC for 6 hrs. The final product was 

obtained CeS2/GO nanocomposite. The same procedure was followed for Sn doped CeS2 but 

instead of 15 ml of Cerium Nitrate, it was added 6.75 ml. and Tin Acetate tetra hydrated 

solution was added. Molarity was O.IM. In the last step 0.385 grains GO was added for Sn 

doped CeS2/GO nanocomposites. The final product was obtained Ce0.5sSnS2/GO. 

CeS/GO nanocomposites Grinding 
(h-e drying 
at 60 °C 

Scheme 2.5 Flow sheet diagram for the synthesis of Cerium su(fide /GO 
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I 1~ 1 
Scheme 2.6 Flow sheet diagram for the synthesis of Sn-doped Cerium Sulphide /GO 

2.2.6 Preparation of working electrode 

A small strip of Niokle foam was taken. To remove its contamination, it was washed 

and sonicated 3 times in distilled water. After the distilled water it was rewashed with 

acetone. The clean and pure nickel foam was dried in oven. IOmg nanoparticles were 

sonicated in a separate beaker in absolute alcohol61
. I to 2 drops of nafion was put on the 

nickel foam and then the mixture of nanoparticles was added drop wise on nickel foam. The 

electrode was dried for 24 hrs at room temperature and was called modified working 

electrode. 

lled in oven at 50 DC 

Scheme 2.7 Electrode Modtfication Process 
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2.3 Instruments used 

2.3.1 Ultraviolet-Visible Spectroscopy 

Molecular spectroscopy that includes investigation of the interaction of Ultra violet 

(UV) - Vis ib le radiation with particles. Ultra violet and visible radiations have enough energy to 

cause an electronic Excitation starting from fi ll ed orbital into the next higher Energy unfilled orbita l. 

At this point an electron absorb light of a requ ired wavelength and excited to a higher energy 

molecular orbital62
. 
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Figure 2.1 7[ to 7[* excitation 

UV-Visible Spectroscopy fa lls in the range between 200-400nm and 400-800nm re lates to the 

Visible area. Selection ru les or transaction rules contains specific transition of atoms starting 

with one quantum state then onto the another and furthennore tell us concern ing whether a 

particular transition is permitted or forbidden63
. 
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Figure 2.2 Possible Electronic transition C?fn, t5 and 7[ electrons 
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Figure 2.3 Experimental setup UV- Vis Spectrometer 

UV-Visible speotroscopy makes utilization of Beer-Lambert law in which absorbance ofa 

chemical species is associated wiuh its concentration. Molar absorptivity coefficient is the 

qualities of absorbing specie which depend upon the nature of concentration species and its 

interaction with a medium with which the chemical species interface. Relation of absorbance 

of a compound witb its concentration is given by the accompanying condition given beneath. 

A = cc\. . . . ... .. . . ..... .. . . . . . . .... . . Equation 2. 1 

Where A represent to absorbance of incident electromagnetic radiation, c represent to the 

mo lar absorptivity coefficient, c represent to concentration of absorbing specie and I is the 

way length of cuvebte64. 

2.3.2 Cyclic VoItammetry 

To study the eleotroohem:ical properties of a cOH1pound, Cyclic voltammetry (CV) IS 

performed as the main experimental technique. CV can also be perfonned for natural 

biological material or an eleotrode surface. Through cyclic voltammetry redox reactions can 

be clearly observed. 'That's why it bas given prime iInportance65
. 

2.3.2.1 Basics of cyclic voItammetry 

CV consists of a working electrode and reference electrode. the working electrode is 

dipped in the soll!ltion alild determine uhe est1imating current. The potential ofnhis elecurode is 

controlled over a reference electrode, for example silver/silver chloride cathode (Ag/AgCl)66. 
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Figure 2.4. Typical excitation signals Jar cyclic voltammetry67 

The contro ll ing potential which is connected over these two cathodes can he considered an 

excitation signal. The excitat·ion signal for CV is a linear potential sweep with a triangular 

waveform as shown in Figure 2.4 

Following is the experimenta·1 set up for cyclic voltammetry 

Figure 2.5 Experimental setup oJCyclic Voltammeter 

2.3.3. XRD technique 

This is as a brief introduction to some of the common X-ray diffraction spectroscopy 

utilized as a materials charaoter,ization. It's used for the determination of crystallinity of the 

material and for the crystaillite size of the liDaterial68 . 

20 



2.3.3.1 Instrument and estimating principle of XRD Spectroscopy 

XRD analysis depends on constructive interference of monochromatic X-rays and a 

crystalline sample: The cathode beam tube produces X-beams, and then filtered to produce 

the monochromatic radiations. The radiations are directed to focus on materials (sample). 

When the interactions of incident beams occur with the sample, Constructive interference is 

produced. When the cond1tions satisfy Bragg's Law (2dsin8 = nA)69. This correlates the 

wavelength of EMR to the angle of diffraction, the cross section dividing in a crystalline 

sample. 

Figure 2.6 Experimental setup of XRD Spectroscopy 

2.3.4 FT-IR Spectroscopy 

FTIR (Fourjer Transform Infra-red Spectroscopy) 1s a delicate method specially to 

identify organic chemicals substances ill an entire scope of uses despite the fact that it can 

likewise oharacterize some .iNorganics. For example, incorporate paints, adhesives, pitches, 

polymers, coatings and drugs. Through This instrument we can isolate and characterize an 

organic contamination. 

In F[,JR spectrophotometry matter interact with electromagnetic radiation in InfraRed 

region. In this region the moleoular vibration couples with the rad1ations. By absorbing 

IR radiations molecules become excited into higher energy states. The absorption in this 

region is correspondent to the bonds present in the molecules. The frequency range is 

estimated as 4000 - 600 cm-J wave number7o. 
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Figure 2.7 Experimental setup ofFT-IR Spectroscopy 
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Chapter-03 RESULTS AND DISCUSSION 

3.1: XRD analysis 

Figure 1 shows the XRD patterns of graphene oxide (GO), CeS2 and Sn-doped CeS2 

and their narwcomposites with graphene oxide. GO shows only one peak at 9.853 of28 which 

conform the synthesis of GO nanoparticles no other peak is observed related to other particles 

such as graphjte, reduce graphene oxide, etc. which shows the purity71. The average 

crystallite size of GO was 53nm as calculated by Scherrer formula. XRD pattern showed that 

CeS2 and Ce2S3 both phases formed simultaneously.30.] 221 0, 35.4467°, 43.2184°, 53.6492°, 

57.1455° and 62.7049° and accredited to miller indexes 100, 11],230,220,301 and 460 

respectively. The average crystallite size was 20nm calculated by Scherrer formula. In Sn

doped cerium sulfide other peaks also appeared due to doping. Nanocomposites did not show 

peak of GO at 9.854°. In literature it showed that the diffraction peak would become weak or 

disappeared ifthe regular staoks of graphite or graphene oxide were destroyed by exfo liation. 

So, when CeS2 was coated on the surface of Graphene oxide nanosheets, the regular staoks of 

graphene oxide were vanished completely. 
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Figure 3.1 XRD pattern of GO. CeS2. Ce055Sn0.45S2. CeS21GO and Ceo.55Sn0,45SIGO 
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The XRD pattern in the figure.3.1 shows the successful synthesis of CeS2 nanoparticles. The 

hkl values were compared with the values given in the standard ICSD card no 01-075-1109 

and were well matched. This suggested orthorhombic structure of the CeS2. 

The figure also shows the XRD pattern of CeS2 nanocomposite with GO. Their characteristic 

peaks show successful formation ofnanocomposites materials. 

3.2 FT -IR analysis 
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Figure 3.2 FTiR spectra o/GO, CeS], Ceo 55Sno45S2, CeS]IGO and Ceo.55Sno45SIGO 

Figure 3.2 shows the Fir -IR speotra for CeS2, Ceo.ssSno.4sS, GO, CeS2/GO and 

Ceo.ssSno.4sS/GO their composites with GO. The main characterist,jc absorpt,ion of infrared 

radiations by grapbene ox·ide indicates the presence of oxygen-containing functional groups 

on the surface of GO located at 1612.90 cm-I (C=C), 1731.68om-1 (C=O), 1028.99 cm-I (C

O- C), 1362.45 om-I (C-OH). ,[:be aiD sorption peak in the range of3600-31 OOcm-1 attributed to 

-OH group of water adsoriDed by the samples72
-
74

. Another weak absorption band at 16330m-1 
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was assigned to the scissoring mode of water molecules adsorbed on the surface of the 

material. The band at 500cm-1 corresponds to the Ce-O stretching vibration. The weak band at 

round 850cm-1 is ascribed to metal-sulfur bonding. 

3.3 Cyclic Voltammetry 

3.3.1 Cyclic Voltammetry of CeS2 

Cyclic voltammogram (CV) for CeS2 in 0.1 M KOH over a voltage window of 0 V to 

0.75 V was obtained. Scan rate was 0.03 Vs- I and Ag/AgCI was used as a reference electrode. 

A pronounced deviation from the ideality has shown in voltammogram. 

Curve deviated from rectangular type because of reversible redox reaction on the 

surface of active materials of CeS nanoparticles of nickel foam electrode. Two peaks have 

been observed in the Voltammogram. One is at negative side showing the reduction of Ce 

and the other at positive side showing the oxidation of Ceo The materials of electrodes shown 

pseudocapacitive behavior75
. The redox reactions in the voltammogram proved the 

reversibj lity of the materials 76 . 

4 
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Figure 3.3 Cyclic voltammogram of Cerium sulfide at constant scan rate (0.03 Vs-') 
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3.3.2 Cyclic Voltammetry of Ceo.ssSn0.4SS2 

Cyclic voltammogram (CV) for Ceo.5sSn0.4SS2 in 0.1 M KOH over a voltage window of 

o V to 0.75 V was obtained. Scan rate was 0.03 Vs-I and Ag/ AgCI was used as a reference 

electrode. A pronounced deviation from the ideality has shown in voltammogram. 

The cyclic voltammogram curve deviated from EDLC type voltaImnogram because of 

reversible redox reaction on the surface of active materials of Ceo.5SSn0.4SS2 nanoparticles on 

nickel foam electrode. Only reduction peak was observed in the voItammogram. The 

oxidation peak disappeared which may be due to the tin doping in the CeS2 nanoparticles. 

One negative side showing the reduction of and the at positive side showing the oxidation. 

The materials of electrodes shown pseudocapacitive behavior. The redox reactions in the 

voltanuuogram proved the reversibility of the materials. 

\-30mVls \ 

- I 
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Figure 3.4 Cyclic voltammogram of Ceo.55Sn0.45S2 at constant scan rate (0.03 Vs- I
) 

3.3.3 Cyclic Voltammetry of GO 

Cyclic voItammogram (CV) for GO in O.lM KOH over a voltage window of 0 V to 

0.75 V was obtained. Scan rate was 0.03 Vs- I and Ag/AgCI was used as a reference electrode. 

A pronounced deviation from the ideality has shown in voltammogram. 

Capacitive behavior of GO nanopartic\es on nickel foal]) electrode deviated from ideal 

cyclic voItammogram. It was due to reversible redox reaction on the surface of active 

materials of GO nanopartioles of nickel foam electrode. Two peaks have been observed in the 

Voltammogram. Jlhe oxidation and reduction peaks possibly due to different functional 

oxygenated functional group on the surface of graphene oxide nanoparticles. Furthermore, 

voltammogram proved the reversibility of the materials. 
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Figure 3.5 Cyclic voltammogram of GO at constant scan rate (0.05 Vs-I
) 

3.3.4 Cyclic Voltammetry of CeS2/GO 

Cyclic voltammogram (CV) for CeS2/GO in O.lM KOH over the voltage window of 0 

V to 0.75 V was obtained . Scan rate was 0.03 Vs- I and Agi AgCI was used as a reference 

electrode. A pronounced deviation fi'om the ideality has shown in vo ltammogram. 

The cyclic vo ltammogram of CeS2/GO nanocomposites on nickel foam deviated frOI11 

electrical double layer capacitor because of reversible redox reactions on the surface of active 

materials of electrode. Here only one peak was observed in cyclic voltammogram. The 

materials of electrodes have shown pseudocapacitive behavior. The redox reactions in the 

voltammogram proved the reversibility of the materials. 
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Figure 3.6 Cyclic voltammogram ofCeS21GO at constant scan rate (0.05 Vs-I
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3.4 The effect of different Scan rates on Cyclic voltammogram 

3.4.1 The effect of different Scan rates on Cyclic voItammogram of CeS2 

As in the figure below, Cyclic voltammetry (CV) for CeS2 in O.IM KOH was done. 

voltage window was in the range 0 V to 0.75 V at different scan rates and Ag/AgCI was used 

as a reference electrode. The changing in scan rate effected the cyclic voltammogram as 

shown in figure 3.7. When the scan rate was changed from 10mV/s to 100mV/s, Oxidation 

peak was shifted from 0.45V to 0.534V at scan rates of 10mVs-1 and 100 mV/s respectively. 

the oxidation and reduction current also became more positive and more negative when the 

scan rate increased. Also, (reduction peak) the negative potential was shifted from 0.312V to 

0.25V at the scan rates of 10 mV/s and 100 mV/s respectively. It was shown from the 

vo ltammogram that the materials of electrodes were stable even at 100 mV/s scan rate. It was 

also shown that the reaction was reversible. The lower slope at lower scan rate indicates that 

the anions need more time to diffuse in to the bulk ofCeSINF electrode77
. 
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Figure 3. 7 Cyclic voltammogram curves for cerium sulphide nanoparticles at different 

scan rates 

3.4.2 llhe effect of different Scan ntes on Cyclic voltammogram of Ceo.ssSn0.4SS2 

As in the figure below, cyclic voltammetry (CV) for Ceo.ssSnoAsS2 in O.IM KOH was 

done. voltage window was in uhe range 0 V to 0.75 V at different scan rates and Ag/AgCI was 

used as a reference eleotrode. 1fhe oxidat,ion and reduction peaks were shifted to more 

positive and negative respectively when current density was increased. When the scan rate 

was changed fi'om 10mV/s to lOOmV/s, there is a very slight shift in the oxidation peak. But 

at the negative potential the shift was more pronounced. It was shifted from 0.25V to 0.20V 
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at the scan rates of ] 0 m VIs and 100 m V Is respectively. It was shown from the 

voltammogram that the materials of electrodes were stable even at 100 mV/s scan rate. It was 

also shown that the reaction was reversible. The lower slope at lower scan rate indicates that 

the anions need more time to diffuse in to the bulk of Ceo.ssSnoAsS2INF electrode. The CV 

profile showed the that the reaction was reversible and stable event at 100 mV/s as shown in 

figure 3.8. 
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Figure 3.8 Cyclic voltammogram curves/or Ceo.55Sn0.45S2 nanoparticLes at different scan. 

rates 

3.4.3 llhe effect of different scan rates on cyclic voltammognm of GO 

As in the figme below, Cyclic voltammetry (CV) for GO in 0.1M KOH was done. 

voltage window was in the range 0 V to 0.75 V at different scan rates and AgIAgCI was used 

as a reference electrode. 1fbe peak of cyclic voltatmnogram was affected with increasing scan 

rate. When scan rate inoreased the oxidation peak shifted from 0.50 to 0.665 V at the scan 

rate of 10mVs·1 tolOOmVs·1 respeotjvely. Simi,Jarly, the negative potential was shifted from 

0.327 to 0.1686 V at the scan rate as used for oxidation of supercapacitor materials. 1fhe 

current measured for cathodic reaction were 3.15, 6.177,7.84,9.406,10.68,11.73,13.68 and 

15.31 mA at above scan t1'ate. 2.698, 5.084, 6.798, 8.19J, 9.53,10.41, 12.03 and 13.24 mA 

measu1ied the anodjc current at electrode. The electrode materia.ls were fmmd stable even at 

100mV/s scan rate and ,revisable. 1rhe sma.]] slop at lower scan rate indicates that the lower 

scan rates allow more time for the anions to acoess the bulk ofthe eleotrode. 
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Figure 3.9 Cyclic voltammogram curvesfor graphene oxide nanopartic/es at different 

scan rates 

3.4.4 The effect of different Scan ntes on Cyclic voltammogram of CeS2/GO 

Figure 3.10 shows Cyclic voltammetry (CV) for CeS2/GO in O.lM KOH. Voltage window 

was in the range 0 V to 0.75 V at different scan rates and Ag/AgCI was used as a reference 

electrode. As the scan rate was changing, peaks were also changing. But as shown from the 

figure 3.10 there is only the reduction peak at negative potential. Which is shifted from 0.26V 

to 0.17V at the scan rates of 10m V Is to 100 m V Is respectively. 

It was shown from the voltammogram that the materials of electrodes were stable even at 

100 mV/s scan rate. The figure below indicates that the reaction is reversible. The lower slope 

at lower scan rate indicates that the anions need more time to diffuse in to the bulk of 

CeS2/GOINF electrode. 
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Figure 3.10 Cyclic voltammogram curves Jar CeS]IGO nanoparticles at different scan 

rates 

3.5 Effect of different scan rates on Specific Capacitance. 

3.5.1 Effect of scan rates on Specific Capacitance of CeS2 

Figure 3.11 shows the effect of different scan rates (from 10mV/s to 100mV/s) on 

specific capacitance of CeS2 nanoparticles. It is clearly shown in the figure that the specific 

capacitance is inversely dependent on scan rate for Cerium Su lphide. As the specific 

capacitance of CeS2 is decreasing with increasing scan rate. Decreased in specific 

conductance connected w,ith kinetics of pseudocapacitance reaction and lower electronic 

conduotivity of the Cerium Sulphide nanoparticles78 . From the figure 3.11 the specific 

capacitance was calcl!llated as 

Table 3.1 specific capacitance at different scan rates 

Specific 426.3 369.6 335.2 311 .3 292 275 .3 248.3 224.6 
capacitance(F I g) 

Scan rate(mV/s) 10 20 30 40 50 60 80 100 

A highest specific capacitanoe of ~426.3F/g was observed for CeS2 at scan rate of 

10mV/s. This indicated Vbat the materials of electrode could be used as a supercapacitor 

material as it can store large amount of eleotrical charge. 

3il. 



' 15 0 

• 

350 

250 

o 

'w . ..... 

(10 

. ' . 
........ • . 

............. 

60 

S IrllV'/S) 

........... 

.... ..• 

100 

Figure. 3.11 Change in Spec~fic Capacitance with change in scan rate 

3.5.2 Effect of scan rates on Specific Capacitance of Ceo.ssSn0.4SS2 

Figure 3.12 shows the effect of different scan rates (from 10mV/s to 100mV/s) on 

specific capac itance of Ceo.ssSn0.4SS2 nanoparticles. It is clearly shown in the fi gure that the 

specific capacitance is inverse ly dependent on scan rate for Ceo.s5Sn0.45S2. As the specific 

capacitance of Ceo.ssSn0.4SS2 is decreasing with increasing scan rate. Decreased in specific 

conductance connected with kinetics of pseudocapacitance react ion and lower electronic 

conductivity of the Ceo.ssSn0.45S2 nanoparticles. From the Figure 3.13 the specific 

capacitance was calcu lated as 

Table 3.2 specifZc capacitance at different scan ratesfor Ceo.55Sn(}.45S] 

Scan rate m V /s ]0 20 30 40 50 60 80 100 

Specific capacitance (F g.l) 463.13 333.2 256.1 6 205.67 167.64 125.73 98 .66 87 .32 

A highest specific capacitance of ~463F/g was observed for Ceo.55S n0.45S2 at scan rate 

of 1 OmV/s. Specific capacitance has been increased for the doped material as compared to 

pure CeS2. This indicated that the mater ials of e lectrode could be used as a supercapacitor 

material as it can store large amount of electrica l charge. 
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Figure 3.12 Change in Spec~fic Capacitance with change in Scan rate 

3.5.3 Effect of different scan rates on Specific Capacitance of GO 

The effect of scan rate from] OmVs-1 to 100 mVs-1 on the specific capacitance of CeS2 IS 

shown in Figure 3.]7. It was observed that the spec ific capacitance of graphene oxide was 

decreased with increasing scan rate. At higher scans rate reduction in specific capacitance 

could be related with the kinetics of pseudocapacitance reaction and lower electronic 

conductivity of the graphene oxide nanoparticles. The specific capacitance was calcu lated 

1160 Fg-1, iO!l5 Fg-1, 9 !l3 .33 Fg-1, 825 Fg- 1, 782 Fg- 1, 715 Fg-1, 609.875 Fg- 1 and 529 Fg-1 at the 

scan rate of ]OmV/s, 20mV/s, 30mV/s, 40mV/s, 501il1V/s, 601nV/s, 80mV/s, and 100mV/s 

respectively. The higher capacitance ] 160 Fig was observed at the scan rate 10 mV Is. It 

proved that graphene oxide can be used for supercapacitor materials. 

Table 3.3 Values oj specific capacitance at d~fJerent scan rates 

Specific capac itance(F/g) 1i160 1011:5 9!L3.33 825 782 7il'5 609. 87 529 

Scan mteGm V Is) ]0 20 30 40 50 60 80 ]00 

The cathodic peak ourrent and anodic peak current measured at different scan rate were 

plotted versus the square :root of a scan rate as shown :in Figure 3.18. From the plot, it cam be 

easily deduoed that the process is diffusion controlled. The mechanism for the charge storage 
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was quasi-reversible electrochemical reactions at the surface of the electrode. The 

mechanisms were deduced from the cathodic and anodic current peaks. Good linear 

relationships indicated the diffusion-controlled process for graphene oxide INF electrode. 
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Figure 3.13 Change in Specific Capacitance with change in Scan rate 

3.5.4 Effect of scan rates on Specific Capacitance for CeS2/GO 

Figure 3.14 shows the effect of different scan rates (from 10mV/s to 100mV/s) on 

specinc capacitance of CeS2/GO nanoparticles. It is clearly shown in the figure that the 

specific capacitance is inversely dependent on scan rate for CeS2/GO. As the specific 

capacjtance of CeS2/GO is deoreasing with increasing scan rate. From the figure 3.16 the 

specific capacitance was caloulated 

Table 3.4 Values o/spectfic capacitance at different scan rates 

Specific capacitance(F/g) 690.4 463.il. 333.2 256.1 205.6 i167.6 125.7 98.6 

Scan rate~mV/s) 10 20 30 40 50 60 80 100 

A highest specific capadtanoe of ~690.4F/g observed for CeS2/GO at scan rate of 

10mV/s, This indicates that the materdaJls of electrode can be used as a supercapacitor material 

as it can store large amount of electdcal charge. 
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Figure 3.14 Change in Spec~fic Capacitance with change in Scan rate 

3.6 Energy density and Scan rate 

3.6.1 Energy density and Scan rate for CeS2 

the figure below shows that energy density of the material changes with change in the 

scan rate. It is shown that the energy density was inversely related to scan rate. Energy 

density is high for lower scan rate. 

Table 3.5 Different values of energy densities at different scan rate 

33.21 28.79 26.11 24.25 22 .74 21.45 19.34 17.50 
E (Wh/Kg) 

Scan rate(mV/s) 10 20 30 40 50 60 80 100 

As the scan rate was increased, the specific capacitance was decreased and in turn, the 

energy density was also decreased. As the specific capacitance and energy density have direct 

relations. Hjgh energy density of 33.2lS38Wh/Kg was observed at scan rate of lOmV/s, 

which ind:icated that high energy density can be stored in the materials. At lower scan rate the 

Cerjum Sulphide nanoparbicles have the capability to store more energy but when bhe scan 

rate was increased, slope was deoreased more. Onward the decrease in slope was less 

<j)mnounoed79
. 
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Figure 3.15 Change in Energy density with change in Scan rate for cerium sulfide 

3.6.2 Energy density and Scan rate for Ceo,SSSnoASS2 

The figure below shows that energy dens ity of the mater ial changes with change in the 

scan rate , It is shown that the energy density was inverse ly related to scan rate , Energy 

density is high for Jower scan rate , 
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Figure 3.16 Change in Energy density .vith change in Scan rate for Ceo.55Sn0.45S2 
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Table 3.6 D(.fferent values of energy densities at different scan rates 

E (Whkg-I) 55.2 45.7 34.81 ] 9.4 14.32 ] 0.065 9.62 9.52 

S (mV/s) ]0 20 30 40 50 60 80 100 

As The scan rate was increased, the specific capacitance was decreased and in turn the energy 

density was also decreased. As the spec ific capacitance and energy density have direct 

re lations. High energy density of 55.2 Wh/Kg was observed at scan rate of 10m V I s, which 

indicated that high energy density can be stored in the materials. At lower scan rate the 

Ceo.ssSn0.4SS2 nanoparticles have the capabi lity to store more energy but when the scan rate 

was increased, s lope was decreased more. Onward the decrease in s lope was less pronounced. 

3.6.3 Energy density and Scan rate for GO 

Figure 3.17 shows that energy density of the material changes w ith change in the scan 

rate. It is shown that the energy density was inverse ly related to scan rate. Energy density is 

high for lower scan rate. 
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Figure 3.1 7 Change in Energy density with change in Scan. rate. 

Different values of energy densities at different scan rates are given in the following 
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As The scan rate was increased, the spec ific capac itance was decreased and in turn the energy 

dens ity was a lso decreased. As the spec ific capac itance and energy density have direct 

re lat ions. High energy density of 90.63Wh/Kg was observed at scan rate of lOmV/s, which 

indicated that high energy density can be stored in the materials. At lower scan rate the GO 

nanoparticles have the capability to store more energy but when the scan rate was increased, 

slope was decreased more. Onward the decrease in slope was less pronounced. 

3.6.4 Energy density and Scan rate for CeS2/GO 

It is clearly shown in the figure below that energy density of the material changes w ith 

change in the scan rate. It is shown that the energy density was inverse ly related to scan rate. 

Energy density is high for lower scan rate. 

TabLe 3. 7 Differen.t values afenergy densities at d(fferenl scan rates 
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Figure 3.18 Change in Energy density with change in Scan rate. 

38 

7 

100 



Different values of energy densities at different scan rates are 43Wh/Kg, 22Wb/Kg, 

16Wh/Kg, 10Wh/Kg, 9 WblKg , 9.SWh/Kg, 8Wh/Kg at the scan rate of 10 mV/s, 20mV/s, 

30mV/s, 40mV/s, SOmV/s, 60mV/s, 80mV/s, and 100mV/s respectively. As The scan rate 

was increased, the specific capacitance was decreased and in turn the energy density was also 

decreased. As the specific capacitance and energy density have direct relations. High energy 

density of 43 Wh/Kg was observed at scan rate of lOmV/s, whlch indlcates that high energy 

density can be stored in the materials. At lower scan rate the CeS 2/GO nanoparticles have the 

capability to store more energy but when the scan rate was increased, slope was decreased 

more. Onward the decrease in slope was less pronounced. 

3.7 Galvanostatic charging and Discharging (GCD) 

3.7.1 Galvanostatic Oharging/Discharging of CeS2 

Figure 3.19 shows the oharging and discharging of CeS2INF supercapacitor in O.lM 

KOH solution at constant current density (2 Ag-1
). The procedure was same for galvanostatic 

charge and discharge as followed for cyclic voltatmnetry technique. figure 3.19 shows 

deviation from triangular curve which indicates that the electrode materials have 

pseudocapacitive behavior. This behavior was due to reversible redox reactions. The current 

during these reactions is called faradic current. To charge and discharge completely CeS2INF 

materials took 479 seconds and 14 seconds respectively. The materials discharged fully 

because the total reactions occurred on the surface were not completely reversible. The 

decrease in discharging time may represent the irreversibility of the materials. In charging 

curve (upper curve) the .peak represent oxidation and in discharging curve the peak is due to 

reduction. The deviation of the 

eleotrode8o. 

curve also justifies the cyclic voltammogram of the 
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Figure.3.19 Galvana static charging discharging curves a/the CeS21NF at O. 2Ag-' current 

density 

3.7.2 Galvanostatic Charging/Discharging of Ceo.SSSnO.4SS2 

Figure 3.20 shows the charging and discharg ing of Ceo.55 Sno.45S2INF supercapacitor in 

0.1 M KOH so lution at constant current density (2Ag-I
). The procedme was same for 

galvanostatic charge and discharge as followed for cyc lic vo ltammetry technique. figure 3.20 

shows deviation from triangu lar curve which indicates that the electrode materials have 

pseudocapacitive behavior. This behavior was due to reversible redox reactions. The current 

during these reactions is called faradic current. To charge and discharge comp lete Iy 

Ceo.55Sno.45S2INF materials took 999 seconds and 91 seconds respective ly. The materials 

discharged ful ly because the total react ions occurred on the surface were not complete ly 

reversible. The decrease in discharging time may represent the irreversibility of the materials. 

In charging curve (upper curve) the peak represent oxidation and in discharging curve the 

peak is due to reduction. The deviation of the curve a lso justifies the cyc lic voltammogram 

of the electrode. 
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Figure 3.20 GCD curves of the Ceo,55Sn0.45S2INF at O.2Ag-' current density 

3.7.3 Galvanostatic Charging/Discharging of GO 

Figure 3.2] shows the charging and discharging of GOINF supercapacitor in O.lM 

KOH solution at constant current density (2Ag- 1
). The procedure was same for galvanostatic 

charge and discharge as followed for cyclic voltammetry technique. figure 3.2] shows 

deviation from triangular curve which indicates that the electrode materials have 

pseudocapacitive behavior. This behavior was due to reversible redox reactions. The current 

during these reaotions is called faradic current. To discharge completely GOINF materials 

took 79 seconds. The materials discharged fully because the total reactions occurred on the 

surface were not completely reversible. 1fhe deorease in discharging time may represent the 

irreversibility of dIe materia,\s, 1n charging curve (upper curve) the peak represent oxidat,ion 

and in discharging curve the peak is due to reduction. The deviation of the curve also 

justifies the cyclic voltammogram of the electrode. 
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Figure 3.21 GCD curves of the GOINF at O.2Ag-! current density 

3.7.4 Galvanostatic Charging/Discharging of CeS2/GO 

Figure below shows the charging and disoharging of CeS2/GOINF supercapacitor in 

O.lM KOB solution at constant current density (2Ag-1). The procedure was same for 

galvanostatic charge and discharge as followed for cyclic voltammetry technique. figure 

shows deviation from triangular curve which indicates that the electrode materials have 

pseudocapacitive behavior. This behavior was due to reversible redox reactions. The current 

during these reactions is called faradic current. To charge and discharge cot:npletely 

CeS2/GOINF materials took 998 seconds and 283 seconds respectively. The materials 

discharged fully because the total reactions occurred on the surface were not completely 

reversible. The decrease in discharging time may represent the irreversibility of the materials. 

In charging curve (upper curve) the peak represent oxidation and in discharging curve the 

peak is due to reduction. The deviation of the curve also justifies the cyclic voltammogram 

of the eleotrode. 
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Figure 3.22 GCD curves oJthe CeS;z/GOINF at O.2Ag-1 current density 

3.8 The effect of current density on GCD curve 

3.8.1 The effect of Change in CUlirent density on GCD curve For CeS2 
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Figure 3.23 GCD curves Jar CeS21NF at different current densities. 

Figure 3.23 Shows the galvanostatic charge and discharge curve for CeS2iNiF at 

different current densities. the specific capacitances ware calculated as 128F/g, 127.3F/g, 
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127.2F/g, 120.6F/g and 117.6F/g at current densities of O.2A1g, IAlg, I.IAlg, 1.2A1g and 

1.3A1g, l.4A1g, 1.SAlg respectively. These figures were calcu lated from GCD curves at 

different current densities. Specific capacitance of 128 Fig at current density of O.2A1g was 

observed. It shows that the specific capacitance was decreased when current density was 

increased 3 times. The charging and discharging time were decreased for CeS2INF materials 

by changing the current densities. Specific capacitance calculated form CV and GCD Curves 

were closely matched to each other's. It was shown from the curve that the materials were 

nearer to capacitive bebavior81
. The figure 3.23 also indicates that the materials showed more 

nearer belnavior to capacitive behavior at higher current density because of the control of 

diffusion. 

3.8.2 The effect of Change in current density on GCD curve For Ceo.SSSnO.4SS2 

Galvanostatic charge and discharge curve for Ceo.ssSnoAsS2INiF at different current 

densities Figure 3.24. GCD profile was used to caloulate specific capacitances and values 

ware calculated by using different equation: 642F/g, S17 .6F/g, 221.SF/g, 129.6F/g and 61F/g 

at current densities of O.SAlg, I Al g, 2A1g, 2.SAlg and 3A1g respectively. Among all specific 

capacitance the best result obtained for tin-doped cerium sulfide was 642 Fig at current 

density O.SAlg was observed. The figure showed that when the current density increased the 

charging and discharging time decreased and it is due to more time is required to fully charge 

the eleotrode surface and we give burst of ourrent density and it did not charge fully. It shows 

that the specific capacitance was decreased when current density was increased 3 times. '['he 

charging and disoharging time were deoreased for Ceo.ssSnoAsS2INF materials by changing 

the ourrent densities (figare 3.24). The GCD ourves deviated from ideal EDLCs and it is the 

further justification of cyclic voltammogram which showed two peaks. Specific capacitance 

calculated form CV and GCD Curves were closely matched to each other's. It was shown 

from the curve that the materials were nearer to capacitive behavior. '['his figure also indicates 

that the materials showed more nearer behavior to capacitive behaviour at higher ourrent 

density because of the control of diffusion. 
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Figure 3.24 GCD curves Jor Ceo.55Sn0.45S2INF at different current densities. 

3.8.3 The effect of Change in current density on GCD curve for GO 

Figure 3.25 Shows the galvanostatic charge and discharge curve for GOINF at 

different current densities. the spedfic capacitances ware calculated as 22.5F/g, 30F/g, 43F/g 

and 52F/g at current densities of O.5A1g, I Alg, 2A1g and 3A1g respectively. These figures 

were calculated from GCD curves at different current densities. It shows that the specific 

capacitance was decreased when current density was increased 3 times. The charging and 

discharging time were decreased for GOINF materjals by changing the current densities 

(figure 3.25). Specific capac,itance ca.Jculated form CVand GCD Curves were closely 

matched to each other's. It was shown from the curve that the materials were nearer to 

capacitive behavior. The figure 3.25 also indicates that the materials showed more nearer 

behavior to capacitive behavior at higher ounent density because of the control of diffusion. 
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Figure 3.25 GCD curves/or GOINF at d!fferent current densities. 

3.8.4 llhe effect of Ohange in cUlirent density on GCD curve for CeS2/GO 

To calculated power density and energy density the cmonopotentiometry was 

performed and galvanostatic charge and discharge curve for CeS2/GOINiF at different 

current densities were obtained. By using different equations specific capacitances 

ware calculated as 808F/g, 608F/g, 468F/g and 342F/g at current densities of I A/g, 

I.5A/g, 2A/g and 2.5A/g respectively. In all specific capacitance the best specific 

capacitance of 808 Fig at current density of lAg-I was observed. It showed that the 

specific capacitance was decreased when current density was increased, and it is due 

to the redox reaction occurs liUore time to complete. The charging and discharging 

time were decreased for CeS2/GOINF materials by changing the current densities 

(figure 3.26). Furlimermore, the GCD curves deviated from electric double layer 

supercapadtor and it show two peaks and therefore it justified the CV. Specific 

capaoitance cakulated f01iIm CV and GCD curves were closely matched to eaoh 

other's. It was showllil. frOliU lihe ourve that lihe mater.iaJ1s were nearer to capacit1ive 

hehavior at ,lower Cl!lrrent density. 
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Figure 3.26 Galvanostatic charging and discharging curves for CeS21GOINF at dtfferent 

current densities. 

3.9 Energy density and Power density 

3.9.1 Energy density and Power density of CeS2 nanoparticles 

Power density and energy density of cerium Sulphiqe were determined from GCD 

curves. It was shown from the figure that energy dens-ity was decreased with increasing power 

density. Energy densities of 4.44 Whlkg, 4.42 Wh/kg, 4.41 Whlkg and 2.29 Whlkg were 

calculated at power densities of250 W /kg, 275 W /kg, 300 W /kg, and 325 W /kg respectively. 

Cerium Sulphide nanoparticles shown maximum energy density of 4.4 Wh/kg at power 

density of250 W /kg. Th-is plot -is a lso called Ragone plot. 
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Figure 3.27 Power density and Energy density ofCeS]INF 

3.9.2 Energy density and Power density of Ce0.5SSn0.4SS2 nanoparticJes 

Galvanostatic charging discharging cmves were used to calculate power density and 

energy density. Form the figme 2.28 it showed that the energy density and power density 

re lated inversely. Energy densities of 32. ] 5 Wh/kg, 25.2Wh/kg, 17.9Wh/kg, 7Wh/kg and 

2.29Wh/kg were calcu lated at power densities of 1080W/kg, 1 620W/k g, 2 160W/kg, and 

2700W/kg respectively. Tin-doped cerium sulfide showed the maximum energy density of 

32.15WblKg at power density of 1 00 W /Kg. This plot is also called Ragone plot. 
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Figure 3.28 Power density and Energy density of Ceo 55Sn045S21NF 
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3.9.3 Energy density and Power density of CeS2/GO nanoparticIes 

Power density and energy density of CeS 2/GO were determined from GCD curves. 

The figure indicated that energy density and power density was almost linearly inversely 

proportional to one another. Energy densities of 13.7Wh1kg, lO .3Wh/kg, 7.97Wh/kg, and 

5.83Whlkg were calculated at power densities of ] 75W/kg, 262Wlkg, 350Wlkg and 

437.5W/kg respectively. CeS2/GO nanoparticles shown maximum energy density of 

13.7Whlkg at power density of 175W/kg. The power density was plotted against energy 

density as shown in figure 2.29. It showed more better results than any other nanoparticles 

and nanocomposites, so it was better to use as supercapacitor. 
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Conclusion 

GO was successfully synthesized by modified Hummer method. CeS2, Ceo.ssSnoAsS and their 

composite with GO were synthesized by hydrothermal process. XRD confirmed the phase 

purity of the materials. XRD pattern was compared with literature values. Which confirmed 

their successful synthesis. Their purity was also verified by FT -IR technique electrochemical 

studies of these materials were checked through cyclic voltammetry and Galvanostatic charge 

and discharge technique, the reaction on the surface of electrode material was found quasi 

reversible faradic reaction which indicated the pseudocapacitive behavior. The CV technique 

showed that ourrent density was inoreased by increasing scan rate and justified that the 

materials were very stable and reversible. Even at lOOmV/s the materials were stable and 

reversible. It may attribute to high conductivity of the materials. The oxidation and reduction 

peaks shifted at small potential when scan rate was increased. The GCD curve showed that 

the duration of charging and discharging decreased by increasing current density. CeS2, 

Ceo.ssSno,4sS and GO shown the highest specific capacitance of 426F/g, 436F/g and 1160F/g 

respectively at scan rate of 10m Vis. CeS 2/GO shown the highest specific capacitance of 

690.4F/g at scan rate of 10m V Is. It is concluded that, these materials have high values of 

specific capadtance at low scan rate and can be used as supercapacitors. 

so 
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