
 

Synthesis and Electrochemical Characterization of 
Cadmium Sulfide-Polyaniline Composite  
 
 

 
 
 
AdissertationsubmittedtotheDepartmentofChemistry,Quaid-i-AzamUniversity, 
Islamabad, as satisfyingthepartial fulfilment of requirements forthe degreeof 
 
 
 

Master of Philosophy 
 
 

In 
 

          PhysicalChemistry 
 
 

    By 

     FARMAN ULLAH 

Reg. No. 02061711040 

Department 

ofChemistryQuaid-i-

AzamUniversity 

Islamabad 

Session 
 

2017 _2019 



 

 



 

Hadith-e-Qudsi 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

1377.IbnMas`ud (MayAllahbepleasedwithhim)reported: 

TheProphet (PBUH)said,“Envyispermitted onlyintwo 

cases:AmanwhomAllahgives wealth, andhedisposes ofit 

rightfully,andamantowhomAllahgivesknowledgewhich 

heappliesandteachesit.” 
 

(Al-Bukhariand Muslim) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3 
 

 
 

DECLARATION 
 

This is to certify that this dissertation submitted by Mr. Farman ullahis accepted 

initspresentformby theDepartmentofChemistry,Quaid-i-Azam 

University,Islamabad,Pakistan,assatisfyingthedissertationrequirementsforthe 

degreeof Masterof Philosophyin PhysicalChemistry. 
 

 
 

 
 
Supervisor: 

 
 
 
Dr. Safeer Ahmed 
Associate Professor 
Department of 
Chemistry Quaid-i-
Azam University 
Islamabad 

 
 
 
 
 
 

     Head ofSection:  
Dr. HazratHussain 
Department of 
Chemistry Quaid-i-
Azam University 
Islamabad 

 
 
 
 
 
 
 
 

      ExternalExaminer: 
 
 
 
 
 
 
 
 

         Chairman:  
ProfDr. ShahidHameed 
Department of Chemistry 
Quaid-i-Azam University 
Islamabad 

 



4 
 

 
 
 

PLAGIARISMCERTIFICATE 
 
 
 
 

Thisistocertify thatFarman Ullah(Reg.No.02061711040)hascompleted 

MasterofPhilosophy inPhysicalChemistry,Quaid-i-

AzamUniversityIslamabad.The titleofhis researchworkis“Synthesis and 

electrochemical characterization of cadmium sulfide-polyaniline composite 

”.Similarity indexofthisthesiswascheckedonTurnitin and was found that 

itsoverallsimilarityindexis 13 %. 
 
 
 
 
 
 
 
 

   Supervisor 
 

                                                                                                      Dr. SafeerAhmed 

                                                                                                     AssociateProfessor 

                                                                                            Department of Chemistry  

                                                           Quaid-i-Azam University Islamabad, Pakistan 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



5 
 

 

AUTHOR’SDECLARATION 
 
 
 

Theresearchworkpresentedinthisthesiswascarriedoutbyme(Farman Ullah) 

inthePhysical Chemistrylaboratory(Room No. 6 & 31-A), Department 

ofChemistry, Quaid-i-

AzamUniversityIslamabad.Allthefindingsreportedinthisthesisare from 

myowninvestigationswiththeapprovalandmembershipofmysupervisorDr. 

Safeer Ahmed. No part ofthis work has been presented foranyother degree. 
 
 
 
 
 
 
 
 

FARMAN ULLAH 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



6 
 

Dedication 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DEDICATEDTO, 
 
 
 
 
 
 
 
 
 
 
 
 
 

MY BELOVED PARENTS, BROTHERS 

SISTERS, WIFE, FAIZA, 
               NAVEED, AHMAD 

 

AND FRIENDS. 
 
 

 
 
 
 
 
 
 



7 
 

Acknowledgements 
 

First of all, I pay my gratitude to Almighty Allah, the Lord and Creator of the heavens 

and earth. He is certainly the supreme patronage of my life. All respects for His last 

prophet Hazrat Muhammad (S.A.W) who bestowed us the perfect code of life. 

I would first like to thank my advisor, Dr. Safeer Ahmed for his guidance and 

encouragement over the years, and for always reminding me to consider a problem at 

its most basic, fundamental level. I am particularly grateful for his understanding and 

support of my involvement in activities outside of the lab, which allowed me to 

develop the nontechnical skills needed to advance my career. I would also like to 

extend a special thank you to professor Dr. Shahid Hameed (chairman department of 

chemistry Q.A.U Islamabad, Dr. Hazrat Hussain (Head of physical section 

department of chemistry Q.A.U Islamabad) for their support and precious time. A 

special thanks to my elder brotherssabir , Irfan ullah,salman and luqman. 

 

Thank you to all of my amazing lab mates both past and present (Muhammad Ali, 

Rabia Ali) for their support, guidance. I am thankful to all teaching faculty for their 

best deliverance of knowledge and all staff members of chemistry department for their 

best cooperation during the tenure of my studies. A huge thank you goes out to all of 

my friends specially, Nasreen, Muhammad zulqarnain, Arsalan Hameed, Naimat 

Ullah, Naveed Ullah and  Tufail Dawar. Because of you all, I have maintained my 

sanity through this long and strenuous process. I have enjoyed all over our 

conversations over the years, both technical and personal, and I hope our paths cross 

again in the future, thank you to, for being the classmates. Finely thanks to QAU for 

serving the nation by providing the best educational facilities. 

FARMAN ULLAH. 

                                                                                  (farmanullah@chem.qau.edu.pk) 

 

 



8 
 

 



i 
 

                                       TableofContents 
 
 
 
 
                                   DescriptionPageNo. 
 
 
 
       Contents                                                                                                       i 
 

List ofFigures                                                                                                          

iv 

       List of schemsvi 

 Abbreviations                                                                                              vii 

Abstract                                                                                                                    

viii 

 

Chapter 

 1………………………………………………………….…….01 

INTRODUCTION……….…………………………………………………………...1 

[1.1] Types of supercapacitors….………………………….………………………...2 

[1.1.1] Electrical double layer capacitor………………………………………....…2 

[1.1.2] Pseudocapacitor……………………………………….…………………...…4 

[1.1.3] Hybrid supercapacitor…………………………………..………………...…5 

[1.2] Electrode material…………………………………………..……………….....5 

[1.2.1] Carbon based materials for EDLC………………………..…………...…....5 

[1.2.2] Carbon nanotubes…………………………………………...…….……….....6 

[1.2.3] Activated carbon……………………………………….……….....……….…7 

[1.2.4] Graphene……………………………………………….........……..…………7 

[1.3] Faradic materials for pseudocapacitivesupercapacitor……………………..9 

[1.3.1] Transition metaloxides…………………………………………...………….9 



ii 
 

[1.3.2] Conductive polymers………………………………….…………...…………9 

[1.4] Cadmiumsulfide….…………………………………….………..…….……...11 

[1.5] Electrolytes in supercapacitor .…………………………………….………...11 

[1.6] Supercapacitor performance testing…………………………………………11 

[1.6.1] Cyclic voltammetry………………………...………………………………..12 

[1.6.2] Galvanostatic charge discharge…………………………..…...…………....13 

 [1.7] Electrochemical impedance spectroscopy…………………….…………….16 

[1.8] Literature review………………………………………………………...…....17 

[1.9] Aims and objectives………………………………………………………...…18 

 

Chapter 
02………………………….………………………………………..……..………..20 

Instrumentation and methodology……………………….……...………..…….....20 

[2.1]X-ray Diffraction  (XRD)……………………….………………….…….……21 

[2.2] FTIR analysis …………………………………………………………....…...22 

[2.3] Electrochemical analysis ……………………………………………………..23 

[2.2]Synthesis procedure.....………………………………………………………..24 

[2.2.1] Hydrothermal synthesis of CdS……………………………………….…..24 

[2.2.2] Polyaniline synthesis……………………………………...…………………24 

[2.2.3] Ternary composite CdS/GNP/PANI ………………………………............25 

[2.2.4] Electrode modification……………………………………..………...……..26 

 

Chapter 

03…………………………………………………….……………………………..27 

Results and Discussion……………………………………………………………...27 

[3.1] X-ray diffraction powder analysis …………………………………………..27 



iii 
 

[3.2] FTIR analysis…………………………………………………………………28 

[3.3]Cyclic voltammetry of polyaniline…………………………...……...…….…29 

[3.3.1] Specific capacitance  of PANI at various scan rates………………...…….31 

[3.3.2] Energy density calculations of PANI at different scan rates……….….…32 

[3.4] Cyclic voltammetry of GNP/PANI……………...…………………….……...33 

[3.4.1] Specific capacitance and energy density of GNP/PANI……………….....35 

[3.5] Cyclic voltammetry of CdS/GNP/PANI……………………………………...36 

[3.5.1] Specific capacitance and energy densityof CdS/GNP/PANI……………..38 

[3.6] Comparison of CV of PANI, GNP/PANI and CdS/GNP/PANI…………....39 

[3.7] Comparison of specific capacitance, energy density of PANI, GNP/PANI, 
CdS/GNP/PANI……………………………………………………………………..41 

[3.8] Stability of CdS/GNP/PANI…………………………………………………..42 

[3.9] Nature of process-Statistical analysis………………………………………..44 

[3.10] Conclusion………………………………………………………………...….45 

[3.11] REFERNCES…..……………………………………………………...…..…46 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

 

 

List of Figures  

[Fig 1.1] Different types of supercapacitor…………………………………........02 

[Fig 1.2] Mechanism of charge storage by EDLC……………….……………....03 

[Fig 1.3]CV of Carbon dots/RGO and galvanostatic charge discharge of  

 same material……….…………………………………………………………….06 

[Fig 1.4]Description of graphite conversion into  GO, RGO and graphe…….08 

[Fig 1.5] Different forms of polyaniline………………….………….…….….....10 

[Fig 1.6] Applied voltage variation with time & resulting cyclic voltammetry 

             of an ideal capacitor………………………………………………………………12 

[Fig 1.7] A simple circuit which is conneted to a power source with  

working resistance RL and through an equivalent series resisitance 

of power source…………………………………………………..……………….15 

[Fig 2.1.1] XRD principal………………..……………………………..…………22 

[Fig 3.1] XRD of PANI, CdS, CdS/GNP, PANI/GNP, CdS/PANI/GNP and  

GNPsynthesized by hydrothermal method………………………..…………...28 

[Fig 3.2] FTIR spectra of PANI, GNP, PANI/GNP and  

CdS/GNP/PANIsynthesized by hydrothermal method………………….….…29 

[Fig 3.3] Cyclic voltammogram of polyaniline coated on GCE at 50mVs-1

1M H

 in  

2SO4

[Fig 3.4] CVsof PANI coated on GCE in 1M H

 as a supporting electrolyte………………………………………..…30 

2SO4

at different scan rates …………………………………………………………….31 

 as a supporting electrolyte  

[Fig 3.5] Specific capacitance of polyaniline at various scan rates…………..…32 

[Fig 3.6]Energy density of polyaniline at different scanrates…………………33 



v 
 

[Fig 3.7]Cyclic voltammetry of GNP/PANI composite coated on GCE in 1M 

 H2SO4 as a supporting electrolyte at 50mVs-1

[Fig 3.8] CVs  GNP/PANI composite coated on GCE in 1M 

 …………………………………34 

 H2SO4

[Fig 3.9] Specific capacitance of GNP/PANIat various scan rates………..…...35 

 as a supporting electrolyte at different scan rates ……………………..34 

[Fig 3.10] Energy density of GNP/PANI at various scan rate….………………36 

[Fig 3.11]Cyclic voltammetry of CdS/GNP/PANI composite coated on GCE in  

1M H2SO4 as a supporting electrolyte at 50mVs-1

[Fig 3.12] CVs of CdS/GNP/PANI composite coated on GCE in 1M 

……………………………...37 

 H2SO4

[Fig 3.13] Specific capacitance of CdS/GNP/PANI at various scan rates..........38 

 as a supporting electrolyte at various scan rates……………………...37 

[Fig 3.14] Energy density of CdS/GNP/PANI at variousscan rates…………...39 

[Fig3.15] Comparison of CV response of PANI, PANI/GNP and CdS/GNP/PANI 

CV coated on GCE in 1M H2SO4 as a supporting electrolyte at 50mVs-

1

[Fig3.16] Comparison of CV response of PANI, PANI/GNP and CdS/GNP/PANI 

CV coated on GCE in 1M H

………....40 

2SO4 as a supporting electrolyte at 100mVs-

1

[Fig 3.17] Comparison of specific capacitance of PANI, GNP/PANI and 

CdS/GNP/PANI……………………………………………………………………..41 

……….40 

[Fig 3.18] Comparison of energy density of PANI, GNP/PANI and 

CdS/GNP/PANI…………………………………………………………………..…42 

[Fig 3.19] Stability of CdS/GNP/PANI coated on GCE in 1M H2SO4

supporting electrolyte at 100mVs

 as a  

-1 first and 1000th

[Fig 3.20] Specific capacitance of CdS/PANI/GNP vs cycle no ………………...43 

 cycle ……………..……...…43 



vi 
 

[Fig 3.21] Statistical analysis of electrochemicalprocess…………………….….44 

 

 

 

 

 

 

List of schemes 

 

[2.1]Hydrothermal synthesis of  CdS nanoparticles………………………….…24 

[2.2]Polyaniline synthesis at 0o

[2.3]Synthesis of CdS/GNP/PANI by hydrothermal and in situ polymerization.26 

C by chemical oxidative polymerization……….25 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 
 

 

 

 

 

 

 

 

 

 

Abbreviation and Acronym 

 
 C 

 
Capacitance 

 
CdS 

 
 Cadmium sulfide 

 
CV 

 
Cyclicvoltammetry 

 
CE 

 
Counter electrode 

 
CPs 

 
Conducting polymers 

 
EDLC 

 
Electrical double layer capacitance  

 
EIS 

 
Electrochemical impedance spectroscopy 

 
FTIR 

 
Fourier transforminfra redspectrocopy 

 
GCE 

 
Glassy carbon electrode 

 
GNP 

 
Graphene nanoplatelets 

 
GCD 

 
Galvanostatic charge discharge 

 
PANI 

 
Polyaniline 

 
SCE 

 
Saturated calomel electrode 

v  
Scan rate 



viii 
 

 
TMOs 

 
Transition metal oxides 

 
XRD 

 
  X-raydiffraction spectroscopy 

 
WE 

 
Workingelectrode 

 

 

 



ix 
 

Abstract 
 Polyaniline is vastly studied material for supercapacitors because of its high theoretical 

specific capacitance environmental stability. This research work was aimed to fabricate a 

composite of polyaniline (PANI) and cadmium sulfide (CdS) followed by its modification by 

graphene nanoplatelets (GNP) to develop a ternary composite electrode. This composite of 

CdS/GNP/PANI was successfully synthesized through hydrothermal method and confirmed 

by XRD and FTIR techniques. The electrochemical studies were carried out using cyclic 

voltammetry (CV) under different set of conditions. The parameters such as specific 

capacitance and energy density were calculated. Polyaniline alone showed a specific 

capacitance of 263Fg-1 and energy density of 36 Whkg-1 at 2mVs-1. The binary composite, 

GNP/PANI, showed specific capacitance of 540Fg-1 and the energy density of 75 Whkg-1 at 

2mVs-1. The ternary composite of CdS/GNP/PANI displayed a specific capacitance of 713 

Fg-1 and energy density of 99Whkg-1 at 2mVs-1

 

. The stability of this ternary composite was 

checked for 1000 consecutive cycles and it was found that after 1000 cycles it still retains 

82% of its specific capacitance. The improvement in the specific capacitance clearly 

indicated the role of CdS nanoparticles and GNPs and the outcome is interpreted accordingly. 
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CHAPTER 1 

 

INTRODUCTION 

Electrical energy can be stored electrochemically in two different ways. One is the 

“faradic process” which is the oxidation reduction of the electrochemically active 

material. This redox process leads to the electrical work which allows the charges to flow 

between two electrodes which are at different potentials. This phenomenon is used in 

batteries. The second way is the “electrostatic” storage which is achieved by the charge 

separation at the polarized interface. This phenomenon is used in conventional capacitor 

also called electrolytic capacitor1. Batteries are of two types primary batteries also called 

single use (not rechargeable) and secondary batteries (rechargeable)2. In secondary 

batteries where energy is stored reversibly – since energy is stored through faradic 

reaction (in faradic reaction electrochemical conversion of material occurs). These 

conversion are usually associated with phase changes. Although the energy storage is due 

to the thermodynamically reversible process however the charge discharge process in 

secondary batteries is usually accompanied with volume changes and irreversibility of 

electrochemical reaction thus leading to the limited life cycle of secondary battery. On the 

other hand capacitor has almost unlimited cyclability as it is not accompanied with 

chemical and phase changes during the energy storage process. However, conventional 

capacitor with the advantage of high cyclability, they are limited with their low energy 

density(≤10-2W/Kg). However,if these capacitors are combined with liquid electrolyte 

and high specific surface area electrode material like graphene, activated carbon and other 

carbon based materials then they can achieve a  high capacitance up to several hundred 

Farad per gram(F/g) in aqueous electrolyte3. This combination produces another class of 

storage devices called supercapacitor or ultracapacitor or electrochemical capacitor(EC). 

So supercapacitor acts as a bridge between conventional capacitors and batteries4. 
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1.1 Types of Supercapacitor 

Supercapacitor are further sub-classified into three types. Classification is depicted in 

Fig.1.1. 

(i) Electrical double layer capacitor (EDLC) 

(ii) Pseudocapacitor 

(iii) Hybrid capacitor. 

 

 

Fig.1.1Different types of supercapacitor5 

 

1.1.1 Electrical double layer capacitor (EDLC) 

Carbonmaterials like carbon nanotubes(CNTs), graphene, reduced graphene 

oxide(RGO), graphene oxide  and activated carbon are used as EDLCs6. The EDLCs 
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have similar structure to that of conventional capacitors(have low energy density),thus 

storing the charge by a non-faradic process. As there is no electron transfer reactions 

involved therefore they have no limitation due to electrochemical 

kinetics(Pseudocapacitor involved electron transfer so they have such limitations). 

Therefore, EDLC has higher energy and power densities than pesudocapacitor7. 

Working of electrical double layer capacitor 

EDLCs are mostly confused with the electrolytic capacitor(as it also stores  charges 

electrostatically). The conventional  capacitor is a dielectric one  such as film 

capacitor and ceramic capacitor these consists of two electrodes which are  separated 

by the dielectric material which store the charges in electrostatic manner. On the other 

hand EDLC stores the charges by Helmholtz electrical double layer effect in which 

there is  interface of electrode surface /electrolyte positive or negative ions in the 

electrode against solvated negative or positive ions which are produced by the liquid 

electrolyte. As electrolytic capacitor also contains electrolyte but its capacitance 

depends entirely on the oxide films that  are present  on metal plates  by performing  

an anodic electrolysis thus they become  dielectric ones. As EDLC have large surface 

area than dielectric capacitor and having more smaller separation distance from the 

molecule separator such as water molecule of an order of 0.3-0.8nm this is smaller 

than insulating oxide layer of an order of 10-100nm in conventional electrode and 

thus giving high specific capacitance to EDLC by a factor of 10,000, so there is only 

adsorption desorption of ions at this large surface area of electrode8. 

 

 

Fig 1.2(Adapted from9)Mechanism of charge storage by EDLC  
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 The capacitance C is the amount of charge Q which is accumulated due the change in 

potential V so for EDLC the capacitance C arises because of physical separation of 

charges which is described in terms of electrode surface area A,the charge separation 

distance  d and the electrolyte dielectric constant ∈

C = ∈ ×A
d

(1.1) 

So as EDLC has large surface area and small separation distance giving it a  high 

capacitance. 

 

1.1.2 Pseudocapacitor 

 so 

Pseudocapacitors are different from the EDLCs as they involved highly fast and 

reversible  faradic  reaction between electrolyte and electrode material. Different  

metal oxides (MnO2,RuO2etc) and  conducting polymers (polyaniline, polypyroleetc) 

show pseudocapacitance behavior10. 

Pseudocapacitors  work like rechargeable batteries which  involve faradic process and 

therefore there is confusion between these two types of charge storing devices. 

Actually charge storage mechanism of pseudocapacitor and battery is quite different. 

The pseudocapacitor involves a highly fast and reversible faradic (redox) reaction on 

the surface or close to  the surface of electrode material having  a distance of 

I<<(2Dt)1/2 ( Here D (cm2s-1) is diffusion coefficient for the ions and t (s) is time 

while  I is the diffusion thickness. So pesudcapacitor faradic reaction is not affected 

by diffusion limit and phase transformation of electrode material. Simply,we can say 

pseudocapacitance is due to the transfer of delocalized electrons while battery 

capacitance is due to the transfer of localized valence electrons. The 

pseudacapacitance is produced from three mechanisms (i) under potential deposition 

(ii)surface controlled electrochemical rapid reactions and (iii) fast ion intercalation. 

While in batteries the energy is stored in the form of crystal lattice through 

electrochemical reaction which are affected by the phase transformation, diffusion of 

reactant molecules/ions and chemical binding changes, thus resulting in more kinetic 

stagnant, low reversibility and electrochemical process has diffusion controlled 

kinetics. That is why batteries have low capacitance, power density and short life 
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cycles than electrochemical supercapacitor11. The theoretical capacitance for the 

pseudocapacitor can be calculated for metal oxide as  

𝐶𝐶 = n × F
M × V

(1.2) 

Here ‘n’ is the number  of electrons involved in faradic process,M is the molar mass 

of electrode material,V is the operating potential window F is Faraday constant12. 

1.1.3 Hybrid supercapacitor 

They are also called battery type or asymmetric supercapacitors. They are formed by 

combining both EDLCs and pseudocapacitor materials i.e. incorporating metal oxide 

into graphene or other carbon based materials or incorporating conductive polymers 

into carbon based materials. So one kind of material stores charge faradaically and 

other stores charge electrostatically.  Hybrid supercapacitor shows high performances 

in terms of stability, conductivity and specific energy density13. 

 

1.2 Electrode materials for supercapacitor 

In recent years major progress and practical research has been done on supercapacitor 

materials but still they have some disadvantages which includehigh production cost 

and low energy density. To overcome the disadvantage  of low energy density 

intensive research is going on the development of new electrode materials for 

supercapacitors. 

 

1.2.1 Carbon based material for EDLC 

As stated earlier carbon based materials are suitable for electrical double layer 

capacitors because of theirproperties like low cost, high conductivity, environment 

friendly, good chemical stability, high specific surface area and good performances in 

wide range of temperature. As shown below in the Fig.1.3 the cyclic voltammogram  

of carbon based material is rectangular in shape without any redox peaks showing 

thatit stores charge in the form of Helmholtz electrical double layer. The galvanostatic 
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charge discharge curves of carbon based materials are symmetrical showing high 

coulombic utility ratio ofelectrostatic charge storage method14. 

 

 

Fig.1.3.(Adapted from15)(a) cyclic voltammograms of carbon dots/reduced 

graphene oxide of different composition (b) galvanostatic charge discharge curves of 

the same materials. 

 

1.2.2 Carbon nanotubes 

Carbon nanotubes(CNTs) are superior carbon materials because of their good 

properties like high conductivity, being thermal and chemical stable and unique 

porosity. CNT are of two types one is single walled carbon nanotubes(SWCNTs) and 

second type is known as multi walled carbon nanotubes(MWCNTs). SWCNs are 

made of singlecarbon layer having diameter  of 0.4-2 nm, depending on which  

temperature  they are synthesized. The single walled carbon  nanotubes are of 

different shapes. They can be arm chair, zigzag, helical or chiral in shape16. 

MWCNTs are just like multiple rolled layers (concentric tubes) of graphene.MWCNs 

are of two types. One is the parchment-like in which graphene sheet  is rolled up 

around it just like a rolled newspaper the other is called Russian doll model in this 

model graphene layers are in concentric form17. 

 



7 
 

1.2.3 Activated carbon 

Activated carbon is popular electrode material for supercapacitor because of its 

certain properties like low cost, facile processing techniques, easily availability, high 

surface area (500 to 1500 m2g-1) and high electrochemical stability. These activated 

carbon materials are produced by physical activation and chemical activation using 

coke, coal, carbonized organic precursor or chars as primary source. Carbon 

precursor,time and activation temperature greatly affects the properties of activated 

carbon such as surface area and distribution of pore size. Activated carbon is also 

traditionally produced from coals, pitch and petroleum coke but thescarcity of these 

materials have changed the interest into other inexpensive materials18.  

 

1.2.4Graphene 

Graphene  is a one atom thick, two dimensional, hexagonal sp2hybrid, honey comb  

allotrope of carbon just like graphite, fullerenes, CNTs. Graphene possess tremendous 

properties like thermal stability, high mechanical strength (∼1TPa) and high 

conductance. In addition to these graphene exhibits high theoretical specific surface 

area (~2630 m2/g) making it a good candidate for electrical double layer capacitors19. 

 

Graphite, Graphene Oxide (GO), reduced Graphene Oxide (RGO) 

and Graphene nanoplatelets (GNP) 

• Graphite is a two dimensional carbon layered material but it is not one atom thick. 

This material can also be used for supercapacitor material but with low capacitance. 

• Graphene oxide (GO) is one of them which can be produced from the oxidation of 

graphite using Hummer’s method. Graphene oxide has some oxygen functionalities 

like hydroxyl (OH), carbonyl (C=O) and epoxy (C-O) and therefore its properties are 

not like pristine graphene. This GO can be easily converted into reduced forms in 

order to improve its certain properties like conductivity, specific capacitance etc.  

• Reduced graphene oxide (RGO) is the reduced form of GO. This reduction can  be 

done chemically, electrochemically and thermally. 
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• Graphene Nanoplatelets(GNPs) consist of small stacks of graphene i.e. few layer 

graphene20.The Fig.1.4 below shows schematic representation of all these conversion 

processes. 

 

Fig.1.4.Description of  graphite conversion into GO, RGO and graphene21 

For energy storage and other applications  some research work is still continued on 

the synthesis of graphene sheets which can be of different types like (i)  CVD and 

epitaxial growth (ii)  chemical exfoliation in organic solvents  (iii) mechanical 

cleavage of graphite and many more. The reported graphene based EDLC have 

achieved specific capacitance of 154 F/g by hydrazine chemical reduction and with 

microwave exfoliation 166 F/g22. Recently, graphene composite with 

pseudocapacitive materials like transition metal oxides (TMOs) and conducting 

polymers composite are studied. Different graphene conductive polymer composite 

like graphene polyaniline, graphene polypyrole and other have been studied. 

Graphene and metal oxides composites like graphene MnO2, graphene RuO2 and 

many more have been studied23. 
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1.3Faradic materials for pseudocapacitive supercapacitors 

As the pseudocapacitor  belongs to supercapacitor family however on performance 

perspectives they are redox materials as like batteries. So same class of materials are 

used for batteries and supercapacitors, however their working mechanism is different 

as discussed earlier. There are diversity of faradic electrode materials like TMOs, 

transition metal chalcogenides (TMCs) and conducting polymers24. 

1.3.1 Transition metal oxides (TMO) 

Transition metal oxides are also considered as good electrode materials for 

supercapacitor application because of some advantages like their high specific 

capacitance which is coupled with low resistance giving them  high specific power 

and high energy density. The conditions for TMO as supercapacitor material  are (i) 

TMO should be conductive, (ii) the proton can freely intercalate in the oxide lattice 

when it is reduced, allowing easy interconversion of O2-<->OH-1, (iii) the TMO can 

exist in two or more oxidation states without involving any phase changes.  Among 

the most studied  transition metal oxides RuO2 is the best promising  material for 

supercapacitor application because of long life cycle, good electrochemical 

reversibility, high conductivity and high specific capacitance. However ,low natural 

abundance and high cost make it difficult for commercial application. So lot of 

alternative TMO materials like NiO, MnO2, Fe3O4, V2O5, TiO2 have been reported14, 

25. 

 

1.3.2Conductive polymers (CPs) 

Conductive polymers are environment friendly, low cost, high conductivity in doped 

state, wide potential window,  high chemical reversibility, high porosity, high storage 

capacity, extensive source thus making them promising electrode materials as 

supercapacitor. CPs show capacitance behavior because of their redox reactions. 

When these conductive polymers are oxidized the ions are shifted  to polymer 

backbone and when it is reduced the ions are shifted from polymer backbone back to 

the solution. So as these redox reactions do not involve any structural changes like 

phase changes  thus these process are highly reversible in nature14. 
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 The most common conductive polymers are polypyrrole (PPy), polyaniline (PANI), 

Poly(3,4-ethylenedioxythiophene) (PEDOT) and polythiophene (PTh). The electronic 

conductivity in these polymers is introduced by either oxidizing or reducing them and 

this process is known  as ‘doping’. When the polymer is positively charged  by 

oxidizing them are termed as ‘p-doped’. PANI and PPy are p-doped polymers. When 

the polymer is negatively charged by reducing themand are termed as n-doped 

polymers. PTh is n-doped polymer. The doping process can be achieved  during 

polymer synthesis by electrochemical or chemical methods, or post polymerization 

like ion implantation. However, electrochemical and chemical methods are preferable 

because of low cost and room temperature processing14, 26. 

Polyaniline 

Polyaniline has been extensively studied aspseudocapacitormaterial and hastheoretical 

specific capacitance of 2000F/g. The advantages associated with polyanilin are 

environmental stability, high electrical conductivity, low cost and easy synthesis. 

It also offers some disadvantages like volumetric shrinkage, low conductivity in de-

doped state. Polyaniline exists in the following three different forms. Leucoemerldine 

is the form of polyaniline in reduced state. Emeraldine is the partially oxidized form 

of polyaniline while pernigraniline is the fully oxidized state of polyaniline27. 

 

Fig 1.5. Different forms of polyaniline 
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1.4 Cadmium sulfide 

Among the most studied metal sulfides CdS is a good candidate for energy storage 

applications because of its some unique properties. CdS is an n-type semiconductor 

with band gap of 2.4

28

eV. It is most studied in cadmium-nickel batteries which show 

high cycle life, good environmental stability, high discharge rates, relatively less 

toxicity and high energy density. CdS shows a high theoretical specific capacitance of 

1675F/g showing its charge storage ability  

1.5Electrolytes in supercapacitor 

Besidesthe electrodes supercapacitor also involves an electrolyte. This electrolyte 

should have high electrochemical stability, low resistivity, wide potential range, low 

volatility, high ionic concentration, cost effective , low toxicity and available in high 

purity14. The electrolytes are of three types (i) aqueous electrolytes (ii) organic 

electrolytes   (iii) Ionic liquids 

Aqueous electrolytes like H2SO4, Na2SO4

On the other hand organic electrolytes have wide potential window as high as 3.5V 

making them promising candidates for supercapacitor. Commonly used organic 

electrolytes are propylene carbonate and acetonitrile. The main issue with organic 

electrolyte is the water content that needs to be below 3-5 ppm

, KOH give low resistance and high ionic 

concentration than organic electrolytes. Aqueous electrolytescan easily be prepared in 

pure form. However, there is one disadvantage with aqueous electrolytes that their 

potential window is very small which is about 1.2V much smaller than organic 

electrolytes. 

14.  

The melted or liquefied salt is called ionic liquid. The properties of ionic liquids are; 

wide potential range upto 6V, typically about 4.5V, high chemical and thermal 

stability. Commonly studied ionic liquids are imidazolium and pyrrolidinium based 

salts29. 

1.6 Supercapacitor performance testing 

The testing of supercapacitor material can be checked in two ways, two electrode or 

three electrode cell configuration.The three electrode assembly enables the 

measurements of electrochemical reactions which are occurring at one electrode and 
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this electrode under study is called working electrode (WE). Another electrode called 

counter electrode (CE) completes the electrochemical circuit while reference 

electrode (RE) gives a constant reference point for the potential measurements. A 

potentiostatemeasures the current flow between WE and CE, and the potential 

difference between WE and RE30. 

1.6.1 Cyclic Voltammetry (CV) 

cyclic voltammetry is an electrochemical technique of three electrode cell in which 

WE is cycled between potential V1 and V2

 

 at a fixed scan rate and the resulting 

current of electrode is measured. Fig.1.6 (a) shows the potential changes on WE as a 

function of time (t)in Fig.1.6 (b) the resulting voltammogram is shown. 

Fig.1.6. (Adapted from31)(a)Applied voltage variation with time 

(b)voltammogram for an ideal capacitor. 

 

The capacitance is given as 

C = Q
V

(1.3) 

Here C is capacitance, Q is charge while V is voltage. 

The Eq. 1.3 can be converted into other forms in order to fit with the experimental 

data. The common experiment is the current response to voltage variations  (as in 

cyclic voltammetry) so Eq. 1.3 can be rearranged as  

Q = C × V (1.4) 
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This Eq.1.4 can be differentiated with respect to time while keeping C as constant 

dQ
dt

= CdV
dt

+ VdC
dt

= CdV
dt

(1.5) 

So if the voltage changes linearly with time i.e V=V0 +Vt  and t is the time V0

I = C.𝑣𝑣(1.6) 

Eq. 1.5 gives a rectangular plot between current and voltage which is called 

cyclicvoltammogram as show above in Fig.1.4(b). 

Eq. 1.5 can be rearranged to  

 is the 

initial voltage which may be zero and v is the voltage scan rate so
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 = v and 

dQ
dt = i(current) 

So Eq.1.5 can be simplified as  

C = i
𝑑𝑑

(1.7) 

To find capacitance first find voltammetric charge  which can be obtained by 

integrating the current over the potential scan range and then by dividing  V2 -V1 (V1 

and V2 

C = ∫ idvv 2
v 1

2m𝑣𝑣(𝑑𝑑2−𝑑𝑑1)(1.8) 

Here ‘m’ is the mass of active material  small ‘v’ is the scan rate. 

 

1.6.2 Galvanostatic charge discharge (GCD) 

are the switching potentials). Dividing also with scan rate and active mass of 

material gives the capacitance. 

This is a two electrode assembly where the one electrode material is charged by 

applying a constant current to a desired voltage and then discharged until the cell 
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voltage is zero at constant current as shown in the above Fig.1.3(b).So the capacitance 

from discharge curve can be obtained as  

𝐶𝐶 = i

��dv
dt � m�

(1.9) 

Here 
dv
dt

 is the  slope of discharge curve. As this curve is considered linear so 
dv
dt

 is 

close to its mean value (ΔV/Δt),Δ

𝐶𝐶 = i Δt
ΔV m

0T(1.10) 

tis the time in which potential decreases. So Eq.1.9 

can be written as  

Here i is the current at which charging discharging takes place while V is the potential 

window and m is the mass of electrode material. 

Energy density and power density 

A capacitor is capable to store energy so when a potential V  is applied for a short 

period of time so a small amount of work d W is done by storing a small amount of 

charge 

  dw = V dQ(1.11) 

d Q. this work is the product of charge Q and  voltage V i.e. 

dw = Q
C

dQ(1.12) 

By using Eq.1.4, Eq. 1.11 can be written as  

W =  ∫ Q
C

DqQ
0    = 1

2C
Q2 (1.13) 

Now integrating the above Eq.1.12 

W = CV2

2
(1.14) 

Using Eq.1.4 again Eq 1.13 changes to  

This work can be assumed as the energy stored so energy density is  
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E = CV2

2m
(1.15) 

P = E
t

 = 
CV2

2mt
(1.16) 

Supercapacitor power (consumption of energy per unit time ) can be calculate as  

P = iV = i2R(1.17) 

For maximum power density calculations we can’t use above equation so we use  

The electric power source which is the supercapacitor has some internal resistance 

called equivalent series resistance (ESR). Now consider a supercapacitor is connected 

to some load resistance RL

 

  through the circuit as shown below in Fig.1.7. 

 

Fig.1.7.(Adapted from 31)A simple circuit which is conneted to a power source 

with working resistance RL and through an equivalent series resisitance   of power 

source. 

 

i = V
R

(1.18) 

So the current of power source will be  

Where R= RL

i = V
RL + ESR

(1.19) 

 + ESR so Eq. 1.18 becomes  
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P = � V
RL + ESR  

�
2

RL(1.20) 

Putting Eq.1.19 in Eq.1.17 we get  

Pmax = V2 ESR
(ESR +ESR )2 = V2

4ESR
(1.21) 

So power will be maximum if RL is equal to ESR and Eq 1.20 becomes  

Eq.1.21 shows an interesting thing that the maximum power is dependent on the 

voltage and ESR but it is independent of capacitance C and it is the C that determines 

the amount of charge stored. However, the discharging time (T) is dependent on the 

capacitance C which is as  

T = CV 2

2Pmax
(1.22) 

From Eq. 1.16 rearranging we get  

T = CV2

2� V 2
4ESR �

= 2C ESR(1.23) 

Putting Eq.1.21 in above we get  

The Eq.1.23 describe an important parameter for designing the supercapacitor. 

However, in the present literature reports the supercapacitor performance in terms of 

Eq.1.2127a, 31. 

 

1.7Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy which is also called dielectric spectroscopic 

testing is an important tool for the investigation of the capacitive behavior or to 

investigate the interfacial or pseudo-capacitance of the supercapacitor material. It 

provides information such as the capacitance over a range of frequency, equivalent 

series resistance and  any faradic resistance which is potential dependent32. The EIS 

gives data graphically either in bode plot which is in terms of phase angle and 
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frequency or a Nyquist diagram in which imaginary plot of impedance is plotted 

verses the real part of impedance14. 

1.8 Literature Review 

Xu et al. reported (2016)  that CdS when coated on nickel foam showed a specific 

capacitance of 909F/g at 2 mA cm-2

For supercapacitor carbon based materials, CPs and transition metal 

oxides/hydroxides are widely studied. It is found that carbon based materials shows 

less specific capacitance due to the surface dominant double layer storage process. 

Transition metal oxides or hydroxides and conducting polymer shows higher 

capacitance because of redox reactions but their conductivities are too low so cannot 

support fast electron transport. So it is essential to develop new materials which have 

properties of high conductance, high specific capacitance and porous structure. 

33. Nair et al.reported (2018)CdS@HgS core shell 

nanowires grown on stainless steel current collector. The synthesized materials shows 

a specific capacitance of 224.97 F/g  at a scan rate of 5mVs-1 which retains 87% of its 

specific capacitance after 1250 cycles34. Adhikar et al. reported (2018) a nanohybrid 

of CdS-CoFe2O4

28

@RGO. This composite shows a specific capacitance of 1487 F/g at 

5A/g current density and retains 78% of its capacitance after 5000 cycles . Patil et al. 

reported (2018) the Co3O4

35

@CdS core shell on nickel foam which exhibit the specific 

capacitance of 1539 F/g at 10mVs-1 and  retains 98% specific capacitance after 2000 

cycles . Chen et al. reported (2018) CdS anchored in three dimensional graphite 

cage showing specific capacitance of 511 F/g at 5A/g  and retains its 90.1% 

capacitance after 5000 cycles at 10A/g 36. Patil et al. reported (2018) silver 

nanowires@ Cadmium sulfide core shell having  capacitance of 2662 mFcm-2 at 

10mVs-137. 

 Polyaniline is one of the pioneering conducting polymer that can be synthesized by 

both chemically and electrochemically. Polyaniline has a high theoretical specific  

capacitance of 2000F/g.

38

Arbizzani and her co-workers(1996) were the first who 

describe the supercapacitor performance of polyaniline as a result of redox reaction 

separating it from charge separation at double layer .Kwang et al. reported (2002) 

polyaniline doped with HCL and LiPF6

39

 and shows a specific capacitance of 40 

F/gafter 400 cycles . Chen et al. reported (2003) polyaniline coated on carbon 

electrode showing specific capacitance of 180 F/g 40. Gupta et al. reported 
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(2006)electrochemically synthesized polyaniline nanostructure of 755 F/g at 10mVs-

141. Dhawale et al.(2011) synthesizednanostructured polyaniline with specific 

capacitance of 503F/g at 10mVs-142.Khdary et al. reported (2014) mesoporous 

polyaniline films with specific capacitance of 532F/g at 1.5Ag-143. 

Polyaniline/Graphene composite have also been studied for supercapacitor 

performance. Feng et al. showed (2011) that the composite of polyaniline and 

graphene using aniline and graphite oxide as starting material. This composite showed 

a specific capacitance of 640F/g at 0.1A/g44. Ma et al. reported (2012) the composite 

of PANI vertically aligned on the sulfonated graphene through an interfaicail 

polymerization method. This composite shows a specific capacitance of 497F/g at 

0.2A/g45.. 

Ternary composite for supercapacitor results in better performance because these 

three components not only enhance each other but also have potential synergy. Yu et 

al. reported (2014) the ternary composite of MnO2

46

,polyaniline and graphene showing  

the specific  capacitance of 755 F/g at 0.5A/g. After 1000 cycles it still retains 87% of 

its specific capacitance . Kumar et al. reported (2015) ternary composite of  

MoO3

47

/GNP/PANI showing larger specific capacitance of 593 F/gat 1A/g with 92% 

retention of its specific capacitance after 1000 cycles . Li et al. reported (2016) the 

ternary composite of MoS2 

48

, polyaniline and reduced graphene oxide with high 

specific capacitance of 1224F/g at 1A/g .Purty et al. (2018) synthesized ternary 

composite of CdS, polypyrrole and reduced graphene oxide which shows high 

specific capacitance of 844F/g at 1A/g. This composite retains its 92.8% of specific 

capacitance after 2000 consecutive cycles49. 

1.9 Aims and Objectives 

This project aims to prepare CdS/PANI/GNP composite to investigate its  

          charge storage application. The sequential targets were; 

(i) The synthesis of CdS nanoparticles and PANIfollowed by the synthesis 

ofbinary composite of CdS/PANI with modification of commercial graphene 

nanoplatelets. 

(ii) Structural characterizations of the synthesized composite by XRD  and FTIR. 
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(iii) Electrochemical study of the material for its faradic and capacitive   behavior 

by employing cyclic voltammetry. 

(iv) Interpretation of the results for the use of synthesized material as electrode in 

supercapacitor devices.  
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Chapter 2     Experimental 

Iinstrumentation and methodology 

All the chemicals were used   as received without any further purification or 

distillation    process. All solutions as well as solutions prepared for cyclic 

voltammetry were prepared in deionized water (DI). All the following  chemicals 

mentioned in Table.2.1 were used. 

Table2.1List of chemicals used in research wor

Seri

al 

No 

k 

 

 Chemical names 

Chemical 

formulas 

Formula 

Weight 

g/mol 

%age 

Purity 

 

Source 

  1     Aniline C6H5-NH 93.13 2 98 BDH  

Chemicals 

  2     Sulfuric acid H2SO 98.079 4 95-97 BDH chemicals 

  3  Ammonium per 

sulfate 

(NH4)2 S2O 228.18 8 98 Sigma Aldrich 

  4  Cadmium nitrate Cd(NO3)2.4H2 308.48 

O 

99.9 BDH chemicals 

  5  Sodium sulfide Na2S.9H2 240.22 O 97 BDH chemicals 

  6 N,N-

dimethylformamide 

C3H7 73.09 NO 99.8 Sigma Aldrich 
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  7 
 CTAB C19H42 364.45 BrN 99 Sigma 

 

  8 

 

Graphene 

nanoplatelets 

 

 

 

- 

 

99.9 

 

ACS material 

store 

  9 
 Acetone C3H6 58.08 O 99.98 Sigma Aldrich 

  10 
  Ethanol  C2H5 46.07 OH 99 Sigma Aldrich 

  11 
De-ionized water H2 18 O   

12 
Nafion  C7HF13O5S. 

C2F

544 

4 

5 Sigma Aldrich 

 

 

2.1 X-ray diffraction (XRD) 

XRD is rapid nondestructive method employed for determination of crystal 

size(crystallinity) of  compound equally applicable to liquid, powder and crystals. X-

ray diffractometer model analytical 30440/60 X pert PRO of Spectris company 

Australia is used to analyse synthesized material. 

X-ray diffraction works on the principle of constructive interference of X-rays and 

crystalline material. In this interference diffracted rays are produced which follow 

Bragg's Law(n λ=2dsinθ)50.This law gives relationship between wavelength of 

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

crystalline material. Then detection of these diffracted rays then processed and 

counted. Scanning at different 2θ angles is done due to random orientation of particles 

diffraction in different direction is done. These diffraction peaks are studied for 

identification of the crystalline material  because each crystalline material  has its own 

set of particular  d-spacings. This identification process is done by comparing d-

spacings with some standard reference patterns. 

https://serc.carleton.edu/research_education/geochemsheets/BraggsLaw.html�
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Fig.2.1 XRD principle [56]. 

 

Crystal size measurement 

Size measurement of particles is done using Debye Scherrer equation as 

𝐷𝐷 = 𝐾𝐾λ
βCOS θ

(2.1) 

D= size of particle, K = shape factor, λ = wavelength of X-ray, β = fu ll wave half 

width and θ is diffracted angel.51 

 

2.2 FTIR Analysis 

FTIR analysis is done to identify various compounds, using infrared light to scan the 

sample and identify chemical bonds of given sample. Using Alpha-FTIR spectrometer 

of Bruker Company, in frequency range 400-6000cm-1 identification of synthesized 

sample is done. 
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Transmission technique is employed for FTIR analysis, light is focused on sample 

that is inserted into optical path length, the light that is directed over sample at 

different angles cause the phenomenon of internal reflection and then bounces back 

from top and bottom of crystal. Energy interactions occur between the interface of 

sample and crystal and bounce position is located. More energy transfer occurs where 

the large bounce takes place52. 

 

2.3 Electrochemical analysis  

Gamry 1000E interface instrument was used for the electrochemical performance of 

the electrode material. Three electrode system is employed using glassy carbon with 

0.0707 cm2 area coated with 0.1mgof different composite materials as working 

electrodes, calomel electrode (Hg/Hg2SO4) as reference one and Pt wire as counter 

electrode. All the cyclic voltammetry performance done in this work were carried out 

within the potential window from -0.1 to 0.9 V in 1M H2SO4as electrolyte. All the 

scan were carried out starting from less positive potential to more positive potential. 
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2.4Synthesis procedure 

2.4.1 Hydrothermal synthesis of CdS 

CdS nanoparticles were synthesized through a hydrothermal procedure. In this 

procedure 10ml of 0.1M Cd(NO3)2.4H2O and 10 ml of 0.1M of Na2S.9H2

   

 

O were 

prepared and then mixed and kept it for stirring for 20 minutes. Then this mixture was 

shifted to autoclaves where they were heated at 1400C  for 12 hours. After 12 hours it 

was washed with deionized water and methanol and then dried at 500C for 5 hours, 

shown in scheme.2.1. 

 

 

 

 

Scheme.2.1Hydrothermal synthesis of  CdS nanoparticles 

2.4.2 Polyaniline synthesis 

Polyaniline polymer was synthesized using an oxidative chemical polymerization 

process. First of all 0.5gm of aniline was taken and dispersed in 100 ml of 0.1M 

H2SO4.Then 1gm ammonium persulfate (APS) initiator was added drop wise. This 

whole process was carried at 0oC for 12 hours. Sulfuric acid used in this scheme for 

doping of polyaniline (doped polyaniline has better conductivity). After 12 hours of 

reaction completion the product was washed with DI water and ethanol and dried at 

50oC for 12 hours, shown in scheme 2.2. 

 

 

0.1M 
Cd(NO3)2.4H2O 

Washed with water 
and methanol 

0.1M 
Na2S.9H2O 

Dried at 500C 

Stirred for 20 min 
Shifted to autoclave 
& heated to 1400C  
for 12 hours 
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    0oC   12 hours 

 

 

 

 

Scheme 2.2 Polyaniline synthesisat 0oC by chemical oxidative polymerization 

 

2.4.3 Ternary compositeCdS/GNP/PANI synthesis 

For ternary composite synthesis first of all 60mg graphene nanoplatelets (GNP) and 

30mg cetyltrimethylammonium bromide (CTAB) was added to 20ml DI water and 

sonicated for an hour. Sonication and CTAB was used for dispersion of GNP. 

Cadmium nitrate 0.1M and sodium sulfide 0.1M was added to this mixture and stirred 

for 20 minutes. It was shifted to autoclave and heated to 140oC for 12 hours. After 

heating it was washed with DI water and ethanol and dried at 50oC for 6 hours. Then 

this product was again sonicated in 100ml DI water.To this sulfuric acid was added to 

this to make it 0.1M acidic solution. Aniline monomer 0.5 gm was added followed by 

drop wise addition of APS initiator and this polymerization step was carried at 0OCfor 

12 hours. Again it was washed with DI water and ethanol and dried at 50oC for 6 

hours, shown in scheme 2.3. 

 

0.5gm aniline  in 
0.1M H2 SO4 

 

 

1gm APS 

Greenish color appear 
after 3min of addition 

of APS 

washed with water 
and ethanol dried at 

50oC 
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Scheme2.3Synthesis of CdS/GNP/PANI by hydrothermal and in situ 

polymerization  

For comparison study other composite like CdS/GNP, GNP/PANI were also 

synthesized by the same method. 

 

2.4.4 Electrode modification 

The cyclic voltammetry was performed on glassy carbon electrode (GCE) acting as 

working electrode. This GCE was modified with thesynthesized material. In this 

modification process1mg of active material, 100μL DMF and 5μL Nafion was 

sonicated for 20 minutes and then 10μL was drop casted on GCE and then dried. This 

was used as modified. 
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CHAPTER 3 

RESULTS AND DISCUSSION 

This chapter describes the results, the obtained data from therein and their 

interpretation in the context of set objectives and hypothesis of the work. 

 

3.1 X- ray powder diffraction analysis 

Fig.3.1shows XRD pattern of all the synthesized composites. Polyaniline shows a 

broad peak at 25.4o of  2θ with (112) plane. Graphene nanoplatetlets (GNP) show a 

sharp characteristic peak at 26.1o of 2θ with (002) plane.Cadmium sulfide shows three 

diffraction peaksat 26.3,43.5 and 51.6 which were assigned to the (1 1 1), (2 2 0), (3 1 

1) planes and these peaks are consistent with standard data files of JCPDS # 00-001-

0647. This XRD of CdS confirms that synthesized CdS is cubic in nature53. The  

CdS/GNP composite shows the three characteristic peaks of CdS and a small hump at 

25.05 of 2θ for GNP. PANI/GNP composite shows their characteristic peaks. The 

XRD of ternary composite of CdS/PANI/GNP shows all the characteristic peaks for 

CdS, GNP and polyaniline. 

From the given XRD pattern of composite it can be deduced that the crystallinity of 

CdS has increased as indicated by the peak intensities of pure CdS and peak 

intensities of CdS in ternary composite (peak intensities in ternary composite has 

increased). The grain size of synthesized CdS was calculated applying the Scherrer 

equation ( Eq.2.1) 54 and it was found to be 15nm. 
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Fig.3.1.XRD ofPANI, CdS, CdS/GNP, PANI/GNP,CdS/PANI/GNP and 

GNPsynthesized by hydrothermal method. 

 

3.2FT-IR analysis 

The formation of polyaniline and ternary composite (CdS/GNP/PANI) was also 

confirmed by the FTIR analysis. The polyaniline FTIR spectrum as shown in Fig.3.2 

shows the characteristic peaks at 1480 and 1557cm-1 which are due to stretching 

vibrations of the quinoid and benzenoid rings respectively. The peaks at 787 and 

1040cm-1 are attributed to the sulfate group which are attached to the aromatic rings 

confirming successful doping of polyaniline55. GNP FTIR shows its characteristic 

peaks at 1738 and 1366cm-1 which are due to stretching vibrations of C=O,C-OH  

stretching in GNP. The small peaks observed at 1587-1645 cm-1 due to the C=C 

stretching vibrations of graphene flakes. In the FTIR spectrum of ternary composite of 

CdS/GNP/PANI all the characteristic peaks for GNP and polyaniline are present. The 

peaks at 412 and 626 cm-1 are due Cd-S bond stretching 56. 
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Fig.3.2 FTIR spectraof PANI, GNP, PANI/GNP and CdS/GNP/PANI synthesized by 

hydrothermal method. 

 

Cyclic voltammetry  

3.3 Cyclic voltammetry of Polyaniline 

Cyclic voltammetry of polyaniline was performed in order to check its 

electrochemical and capacitive behavior in the potential range of -0.1 to 0.9 V in 1M 

aqueous sulfuric acid solution. The cyclic voltammetry of polyaniline shows three 

pairs characteristic peaks which are due to the redox reactions of polyaniline. These 

three pairs of peaks are a/a’, b/b’ and c/c’can be seen involtammogram as shown 

inFig.3.3. The first peak a/a’ is for the conversion of a reversible reaction of 

leucoemeraldine into emeraldine. The second peak b/b’ is due to the by-products and 

intermediates  of hydroquinone/ benzoquinone. The third peak c/c’ is for the 

reversible conversion of emeraldine intopernigraniline27a. 
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Fig.3.3Cyclic voltammogram of polyaniline coated on GCE at 50mVs-1 in 1M 

H2SO4as a supporting electrolyte. 

The cyclic voltammetry of polyaniline was also carried out at various scan rates as 

shown inFig.3.4.The successive increase in the area in the CV loop with the increase 

in scan rate clearly indicates a linear relationship of scan rate and capacitance. At all 

scan rates the three reversible peaks survive. 
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Fig.3.4 CVs of PANI coated on GCE in 1M H2SO4

The specific capacitance of polyaniline was calculated using Eq.1.8 in which IdV is 

the volumetric charge which comes from the integration of the CV curve. Potential 

window is 1 V and active mass of the electrode material is 0.1 mg. The Fig.3.5 shows 

the specific capacitance of polyaniline at different scan rates. It is clear that with the 

increase of scan rate the specific capacitance decreases. This is because at lower scan 

rate the electrolyte molecules have enough time to in order to penetrate into the pores 

of electrode material more properly and thus make larger surface contact and resulting 

into the high specific capacitance. In other words we it can be said that at higher scan 

rate the Ohmic resistance of the electrolyte migration increases in the pores of 

electrode material which results in smaller specific capacitance

as a supporting electrolyte at 

different scan rates. 

 

3.3.1 Specific capacitance of polyaniline at various scan rates 

57. 

The Fig.3.5 shows the specific capacitance of polyaniline. The specific capacitance 

varies between 263F/g  and 105F/g for corresponding scan rate range of 2mVs-1 to 
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at100 mVs-1 respectively. The polyaniline shows highest specific capacitance of 

263.07 F/g at 2mVs-1. The variation of specific capacitance with scan rate is not 

exactly linear but very much close to it particularly for the intermediate values.   

 

 

Fig.3.5specific capacitance of polyaniline at various scan rates 

 

3.3.2 Energy density calculation of polyaniline at various scan rates 

Energydensity of polyaniline was calculated using Eq. 1.14. polyaniline shows energy 

density of 36Wh/kg, 30Wh/kg, 28Wh/kg, 25Wh/kg, 23.45Wh/kg,19Wh/kg and 

14Wh/kg at 2mVs-1, 5 mVs-1,10 mVs-1,20 mVs-1,30 mVs-1, 50 mVs-1 and at100 mVs-1 

respectively. The values are following the same trend as was observed in the case of 

specific capacitance as expected. The higher energy density at low scan rate indicates 

the time required for the capability of the material to possess the capacitance per unit 

amount of the material.   
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Fig 3.6  Energy density of polyaniline at different scan rate 

 

3.4 Cyclic voltammetry of GNP/PANI 

The cyclic voltammetry of this binary composite of GNP and polyaniline was 

performed in potential range of -0.1 to 0.9 V in 1M aqueous sulfuric acid solution 

employing three electrode configurations. Again the three pairs of reversible redox 

peaks were observed.These peaks become more prominent by the introduction of 

GNP.Fig.3.7 shows the cyclic voltammetry at 50mVs-1. This cyclic 

voltammogramslightly looks rectangular in shape which is due to the incorporation of 

GNP into polyaniline because GNP has electrical double capacitance and such 

capacitance have rectangular cyclic voltammogram without any oxidation reduction 

peaks (which are usually present in pseudocapacitive materials like polyaniline 

transition metal oxides). 
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Fig.3.7Cyclic voltammetry of GNP/PANI composite coated on GCE in 1M H2SO4as 

a supporting electrolyte at 50mVs-1

 

. 

 

Fig.3.8 CVs GNP/PANI compositecoated on GCE in 1M H2SO4as a supporting 

electrolyte at different scan rates. 



35 
 

 

3.4.1Specific capacitance and energy density of GNP/PANI 

The specific capacitance of this binary composite was calculated in the same way as 

mentioned for polyaniline. The Fig.3.9shows the specific capacitance of 540 F/g at 

2mVs-1, the highest value at the lowest scan rate. The rest of the values are given in 

the inset table of the Fig. 3.9. The specific capacitance of this composite is higher than 

the polyaniline about 100 times becausehere GNP also contributes into the 

capacitance because of its EDL capacitance while polyaniline store charges due to 

pseudocapcitance.Energydensity of GNP/PANI was calculated using Eq. 1.14. 

GNP/PANI shows higher energy density values as given in the Fig. 3.10.  The higher 

capacitance and higher energy density values are clearly depicting the role of GNP. 

To our understanding it appears the higher conductivity, small amount with large 

surface area of GNP induced this improvement.  

 

Fig.3.9 Specific capacitance of GNP/PANI at various scan rates. 
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Fig.3.10Energy density of GNP/PANI at various scan rate. 

3.5Cyclic voltammetry of CdS/GNP/PANI 

The cyclic voltammetry of the ternary composite was performed in 1M H2SO4

 

 in the 

potential range from -0.1 to 0.9 V Fig.3.11 shows the cyclic voltammogram of the 

ternary composite. The obtained non-rectangular voltammogram shows the 

pseudocapacitive contribution of polyaniline to entire capacitance.In this 

voltammogram the three redox reversible pairs are due to the polyaniline conversion 

into other forms. Though the redox waves are not very sharp but the humps can easily 

be differentiated from each other. The three waves correspond to the sequential 

electron transfer processes of PANI as reported elsewhere27a.Fig.3.12 shows the cyclic 

voltammogram at different scan rate. The increased capacitive current with the 

increase in scan rate is immediate proof of the higher capacitive ability of the 

material, however, the specific capacitance will gives the actual ability of the material 

for charge storage.  
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Fig.3.11 Cyclic voltammetry ofCdS/GNP/PANI compositecoated on GCE in 1M 

H2SO4

 

Fig.3.12 CVsofCdS/GNP/PANI composite coated on GCE in 1M H

as a supporting electrolyte at 50mVs-1. 

 

2SO4

 

as a 

supportingelectrolyte at various scan rates. 
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3.5.1Specific capacitance energy density of CdS/GNP/PANI 

The specific capacitance of this ternary composite of CdS/GNP/PANI was calculated 

in the same way as mentioned for polyaniline. The Fig.3.13 shows the specific 

capacitance varying from 713 F/g to 234F/g for the selected range of scan rate i.e. 

from 2mVs-1 to 100 mVs-1. 

The specific capacitance of ternary composite is 713 at 2mVs-1 which is higher than 

the polyaniline and polyaniline graphene nanoplatelets composite. The introduction of 

cadmium sulfide nanoparticles into GNP/PANI composite increases the capacitance 

about 32%.  Similarly, the corresponding data of the energy density are given for the 

CdS/GNP/PANI having values of 99Wh/kg to 32Wh/kg for the scan rate of 2mVs-1 to 

100 mVs-1as shown in Fig.3.14. 

 

Fig.3.13Specific capacitance of CdS/GNP/PANI at various scan rates. 
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      Fig 3.14 Energy density of CdS/GNP/PANI at various scan rates. 

 

3.6 Comparison of the CV of the PANI, GNP/PANI and 

CdS/GNP/PANI 

The CV of these three electrode materials was compared at 50mVs-1 and 100mVs-1. It 

is clear from the shown Fig.3.15 and Fig.3.16 that ternary composite has higher 

current than polyaniline and GNP/PANI. The cyclic voltammogram of the ternary 

composite results in broader voltammogram because cadmium sulfide also contributes 

into capacitance.The marked increase in the capacitive current but not in the electron 

transfer current clearly indicates the charge storage ability of the material which was 

complemented later by the specific capacitance data.  
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Fig.3.15 Comparison of CV response ofPANI, PANI/GNP and CdS/GNP/PANI CV 

coated on GCE in 1M H2SO4

 

Fig.3.16 Comparison of CV response of PANI, PANI/GNP and CdS/GNP/PANICV 

coated on GCE in 1M H

as a supporting electrolyte at 50mVs-1. 

 

2SO4

3.7Comparison of the specific capacitance and energy density of 

PANI, GNP/PANI and CdS/GNP/PANI 

as a supporting  electrolyte at 100mVs-1. 
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Fig.3.17 shows the comparison of the polyaniline GNP/PANI and CdS/GNP/PANI. It 

is clear that the ternary composite has higher specific capacitance at all scan rates. 

This is due the good synergistic effect of cadmium sulfide with the polyaniline and 

graphene nanoplatelets resulting in high specific capacitance. The larger specific 

capacitance of ternary composite also reveals the π-π  interaction and combined effect 

of the individual constituents which are present in the ternary composite. Polyaniline 

shows specific capacitance of 263Fg-1 with the introduction of GNP the specific 

capacitance increase to 540Fg-1 which shows almost 100 times increase. This is 

because now GNP stores charges because of its electrical double layer capacitance. 

When GNP/PANI was further modified with cadmium sulfide it shows specific  

capacitance of 713Fg-1 which is 36 times increase. Fig.3.18 shows the comparison of 

energy density of GNP/PANI and CdS/GNP/PANI. 

 

Fig.3.17Comparison of specific capacitance of  PANI, GNP/PANI and 

CdS/GNP/PANI. 
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Fig.3.18 Comparison of energy density of  PANI, GNP/PANI and CdS/GNP/PANI. 

 

3.8 Stability of the CdS/GNP/PANI  

The stability of the ternary composite of CdS/GNP/PANI was checked in 1M H2SO4 

in the potential window of -0.1 to 0.9 V for 1000 cycles at 100mVs-1in a three 

electrode configuration. From the Fig.3.19it is obvious that specific capacitance 

increases at the start of the cycles and then slightly decreases. After 1000th cycles still 

84% of its specific capacitance was maintained as shown in Fig.3.20. This is because 

of good combined effect of GNP with polyaniline. Polyaniline if used alone then it 

hasproblem of volumetric shrinkage. In this volumetric shrinkage there is ejection of 

doped ions from the polyaniline thus resulting in low conductivity of polyaniline and 

consequently low specific capacitance of polyaniline. 
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Fig.3.19 Stability of CdS/GNP/PANI coated on GCE in 1M H2SO4

 

as a supporting 

electrolyte at 100mVs-1first and 1000th cycle. 

Fig.3.20Specific capacitance of CdS/PANI/GNP vs cycle no. 
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3.9Nature of process-statistical analysis 

The peak current (i) in the CV and scan rate (v) at which CV is performed obeys 

power law which is given below as58 

I = a𝑣𝑣b (3.1) 

Taking log of Eq. 3.2 

log(i) = blog(𝑣𝑣) + loga(3.2) 

Here a and b are variables. The value of b can be found from the slope of log(i) vs. 

log(v) plot. The value of b tells us about the nature of electrochemical process. If the 

value of b= 0.5 it means it is a diffusion controlled process and if the value of b=1 it 

means the process is capacitance controlled process58.On application of applied Eq. 

3.2 to the CV data of the ternary composite of CdS/GNP/PANI and plot the log of 

anodic peak current vs log of scan rate, following results are obtained. 

 

Fig.3.21 Statistical analysis of electrochemical process. 
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The value of slope was 0.70 showing that the electrochemical process of the ternary 

composite is both diffusion controlled and capacitive controlled. The capacitive 

nature of the ternary composite is due to the GNP and CdS. 

3.10 Conclusions 

In this work composite of cadmium sulfide and polyaniline was successfully 

synthesized which is further modified by graphene nanoplatelets. The synthesis 

procedure involved the formation of CdS/GNP composite by hydrothermal reaction 

followed by insitu polymerization of aniline. This ternary composite of 

CdS/GNP/PANI was confirmed by XRD and FTIR studies. In electrochemical 

characterization cyclic voltammetry was employed to identify the faradic and non-

faradic processes in the synthesized material. The ternary composite shows a high 

specific capacitance of 713 Fg-1 at 2mVs-1 and energy density of 99 Whkg-1. Stability 

of this composite was checked for 1000 consecutive cycles and it showed about 82% 

retention of its specific capacitance. 
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