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Abstract of the thesis presented to the Senate of Universiti Putra Malaysia in 

fulfillment of the requirement for the degree of Doctor of Philosophy 

 

 

FABRICATION OF CARBON-BASED NANOSTRUCTURED FLEXIBLE 

SUPERCAPACITOR 

 

 

By 

 

 

CHEE WEI KIT 

 

 

March 2018 

 

 

Chair: Associate Professor Janet Lim Hong Ngee, PhD 

Faculty: Science 

 

 

This research essentially focuses on the fabrication of a carbon-based flexible energy 

storage devices via the development of highly flexible electrode material. In the first 

study where polypyrrole/ graphene oxide/ zinc oxide nanocomposite was directly 

electrodeposited on a nickel foam by an electrodeposition technique, a free-standing 

flexible supercapacitor was fabricated by sandwiching a potassium hydroxide/ 

polyvinyl alcohol hydrogel electrolyte between two layers of the as-prepared ternary 

nanocomposite electrodes. A specific capacitance of 123.8 Fg-1 at 1 Ag-1 was achieved 

with excellent flexibility. However, the cycling stability of the ternary nanocomposite 

showed a sensitive behavior towards types of electrolyte used, at which a favorable 

specific capacitance retention of more than 90.0% using a mild alkaline electrolyte. 

 

 

In order to improve the stability performance, electrospinning technique is employed 

at which a flexible and conductive nanofiber membranes were fabricated. Initial 

attempt by introducing graphene oxide to envelop the carbon nanofibers resulted poor 

electrochemical performance as the effect of pore blockage by graphene oxide. 

Whereby second attempt with addition of graphene nanoplatlets resulted in 

enhancement of electrochemical performance, however with in-distinctive trend as the 

effect of phase separation presence between CNF/ GnP components. Further 

modification was made at which graphene oxide was functionalized to induce 

hydrophobicity by using a photo-polymerization approach, at which it was 

successfully dispersed in the precursor polymeric solution. The electrochemical 

performance of the reduced graphene oxide-modified carbon nanofibers resulted in a 

specific capacitance of 140.10 Fg-1 at a current density of 1Ag-1 with capactitance 

retention of 96.2%, however with a significant increase in charge transfer resistance, 

which was not favorable in electrochemical devices. 
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A final attempt was made via electrospun polyacrylonitrile membranes with 

reinforcement of metallic contents, which induced a unique morphology with 

integration of metal oxides with the polymer structure upon carbonization. When the 

nanofibers were constructed into a supercapacitor device, a specific capacitance of 

more than 100 Fg-1 was recorded at 1 Ag-1, along with minimal resistance as compared 

to any other counterparts, achieved with reinforcement of nickel oxide nanoparticles.  

Furthermore, the fabricated device retained a capacitive retention of as high as 93.9% 

even after 2000 cycles of vigorous galvanostatic charging/ discharging process, with 

a minimal value of 0.05 V voltage drop. Additionally, the device successfully 

demonstrated excellent flexibility by recording no deviation in performance even 

subjected to bending and curvatures. These studies concluded that the fabrication of 

flexible electrode materials is the determining role in the fabrication of a highly 

flexible energy storage device.  
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Abstrak tesis yang dikemukakan kepada Senat Universiti Putra Malaysia sebagai 

memenuhi keperluan untuk ijazah Doktor Falsafah  

 

 

PENYEDIAAN SUPERKAPASITOR FLEKSIBEL BERASASKAN KARBON 

STRUKTUR NANO 

 

 

Oleh 

 

 

CHEE WEI KIT 

 

 

Mac 2018 

 

 

Pengerusi: Professor Madya Janet Lim Hong Ngee, PhD 

Fakulti: Sains 

 

 

Penyelidikan ini secara khususnya memberi tumpuan kepada fabrikasi peranti 

penyimpanan tenaga fleksibel berasaskan karbon melalui pnyediaaan bahan elektrod 

yang mempunyai ciri fleksibel. Dalam kajian pertama di mana komposit nano 

polypyrrole / graphene oxida / zink oxida secara langsung electro-deposit pada 

permukaan nikel, kemudiannya supercapacitor fleksibel yang terhasil dibentuk 

melalui elektrolit kalium hidroksida / gel polyvinyl alkohol di antara dua lapisan 

electrode. Kapasitif 123.8 Fg-1 pada 1 Ag-1 dicapai dengan daya lentur yang sangat 

baik oleh peranti tersebut. Walau bagaimanapun, kestabilan kitaran cas nanokomposit 

yang dihasilkan menunjukkan tingkah laku yang sensitif kepada jenis elektrolit yang 

digunakan, di mana pengekalan kapasitif yang direkod adalah lebih daripada 90.0% 

apabila elektrolit alkali yang lemah digunakan. 

 

 

Untuk meningkatkan prestasi kestabilan, teknik elektrospinning digunakan, di mana 

membran yang terdiri daripada gentian nanokarbon yang konduktif dan fleksibel telah 

dihasilkan. Percubaan awal dengan memperkenalkan graphene oksida untuk 

menyelubungi gentian nanokarbon telah menyebabkan prestasi elektrokimia yang 

lemah akibat daripada liang-liang pada gentian tersebut terhalang oleh graphene 

oksida. Dengan percubaan kedua di mana penambahan platlet nano graphene 

menghasilkan peningkatan prestasi elektrokimia, namun tiada hasil yang 

memberangsangkan akibat kesan kehadiran fasa pemisahan antara komponen gentian 

nano dan platlet nano graphene. Graphene oksida telah kemudian diubahsuai untuk 

mendorong sifat hidrofobik dengan menggunakan kaedah pempolimeran foto, di mana 

graphene osida terubahsuai berjaya disebarkan dalam larutan polimer hidrofobik. 

Prestasi elektrokimia gentian nanokarbon yang ditambah graphne oksida terubahsuai 

menghasilkan daya capasitif 140.10 Fg-1 pada ketumpatan arus 1Ag-1 dengan 

pengekalan capasiti setinggi 96.2%, namun dengan peningkatan ketara dalam 

rintangan pemindahan caj. 
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Percubaan terakhir dilakukan melalui membran gentian nano poliakrilonitril dengan 

tambahan kandungan logam, di mana morfologi  yang unik telah dihasilkan dimana 

integrasi oksida logam dengan struktur polimer semasa proses karbonisasi. Apabila 

gentian nano tersebut digunakan sebagai peranti supercapacitor, daya capasitif yang 

melebihi 100 Fg-1 dicatatkan pada daya arus 1 Ag-1, berserta dengan rintangan minima 

berbanding denga peranti supercapacitor lain yang terhasil. Penanbahbaikan tersebut 

dicapai dengan oleh pengukuhan nanopartikel nikel oksida pada permukaan gentian 

nanokarbon. Selain itu, peranti tersebut dapat mengekalkan daya capasitif setinggi 

93.9% walaupun selepas 2000 kitaran proses pengecasan / discas galvanostatik, 

dengan arus bocor pada tahan yang minima 0. 05 V. Di samping itu, peranti itu berjaya 

menunjukkan fleksibiliti yang sangat baik di mana tiada pengurangan dalam prestasi 

walaupun dilentur kepada pelbagai sudut. Kajian-kajian ini menyimpulkan bahawa 

bahan-bahan elektrod yang fleksibel memainkan peranan yang penting dalam 

menentukan penghasilan alat simpanan tenaga yang fleksibel. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

v 

 

ACKNOWLEDGEMENT 

 

First and foremost, I would like to express my sincere gratitude to my supervisor, 

Assoc. Prof. Dr. Janet Lim Hong Ngee, and co-supervisors, Prof. Dr. Zulkarnain 

Zainal, Prof. Dr. Ian Harrison and Assoc. Prof. Dr. Yoshito Ando for their continuous 

support of my Ph.D study and research, for their patience, understanding, motivation, 

and immense knowledge. Their professional and fruitful guidance helped me in all the 

time of research and writing of the thesis.  

 

Besides, I would like to thank to Prof. Dr. Huang Nay Ming for the research materials 

contributed and the use of laboratory facilities and equipment. My sincere thanks to 

Dr. John-Kevin Gan for his guidance and advice in preparation of materials. 

 

I would also like to thank to my family for always there for me. Their support guides 

me through every hardship and challenges faced throughout the completion of this 

thesis. Also, special appreciation to Ms. Sim Biow Ing for her patience and 

understanding throughout this research period. 

 

Finally, there are my friends and labmates. We were not only able to support each 

other by sharing our problems and findings, but also as a lively group in supporting 

each other. 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM



© C
OPYRIG

HT U
PM

vii 

 

This thesis was submitted to the Senate of Universiti Putra Malaysia and has been 

accepted as fulfilment of the requirement for the degree of Doctor of Philosopy. The 

members of the Supervisory Committee were as follows: 

 

Lim Hong Ngee, PhD 

Associate Professor 

Faculty of Science 

Universiti Putra Malaysia 

(Chairman) 

 

Zulkarnain Zainal, PhD 

Professor 

Faculty of Science 

Universiti Putra Malaysia 

(Member) 

 

Ian Harrison, PhD 

Professor 

Faculty of Engineering 

The University of Nottingham Broga Campus 

(Member) 

 

Yoshito Ando, PhD 

Professor 

Graduate School of Life Science and Systems Engineering 

Kyushu Institute of Technology Japan 

(Member) 

 

 

 

 

 

 

 

 

               __________________________ 

               ROBIAH BINTI YUNUS, PhD 

               Professor and Dean 

                       School of Graduate Studies 

                     Universiti Putra Malaysia 

      

 

                Date:  

 

 

 



© C
OPYRIG

HT U
PM

viii 

Declaration by graduate student 

I hereby confirm that: 

 this thesis is my original work;

 quotations, illustrations and citations have been duly referenced;

 this thesis has not been submitted previously or concurrently for any other degree

at any other institutions;

 intellectual property from the thesis and copyright of thesis are fully-owned by

Universiti Putra Malaysia, as according to the Universiti Putra Malaysia (Research)

Rules 2012;

 written permission must be obtained from supervisor and the office of Deputy

Vice-Chancellor (Research and Innovation) before thesis is published (in the form

of written, printed or in electronic form) including books, journals, modules,

proceedings, popular writings, seminar papers, manuscripts, posters, reports,

lecture notes, learning modules or any other materials as stated in the Universiti

Putra Malaysia (Research) Rules 2012;

 there is no plagiarism or data falsification/fabrication in the thesis, and scholarly

integrity is upheld as according to the Universiti Putra Malaysia (Graduate Studies)

Rules 2003 (Revision 2012-2013) and the Universiti Putra Malaysia (Research)

Rules 2012. The thesis has undergone plagiarism detection software.

Signature: _________________         Date: __________________ 

Name and Matric No.: ___________________________________ 



© C
OPYRIG

HT U
PM

ix 

 

Declaration by Members of Supervisory Committee 

  

 

This is to confirm that:  

 the research conducted and the writing of this thesis was under our supervision;  

 supervision responsibilities as stated in the Universiti Putra Malaysia (Graduate 

Studies) Rules 2003 (Revision 2012-2013) are adhered to.  

 

 

Signature:    ______________________________   

Name of      

Chairman of      

Supervisory      

Committee: ______________________________   

 

 

Signature:   ______________________________   

Name of      

Member of      

Supervisory      

Committee: _____________________________   

 

 

Signature:   _____________________________   

Name of      

Member of      

Supervisory      

Committee: _____________________________  

 

 

Signature:   _____________________________   

Name of      

Member of      

Supervisory      

Committee: ____________________________  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

x 

 

TABLE OF CONTENTS 

 

 Page 

ABSTRACT i 

ABSTRAK iii 

ACKNOWLEDGEMENT v 

APPROVAL vi 

DECLARATION viii 

LIST OF TABLES xiv 

LIST OF FIGURES xv 

LIST OF ABBREVIATIONS 

 

 

xxii 

CHAPTER 

  

1 INTRODUCTION 1 

 1.1    Overview of Supercapacitors 1 

 1.2    Problems Statement 4 

 1.3    Hypothesis of Study 4 

 1.4    Research Objectives 5 

   

2 LITERATURE REVIEW 6 

 2.1    Types of Supercapacitor electrode materials 6 

           2.1.1 Electrc double layer capacitance (EDLC) 6 

           2.1.2  Pseudocapacitance 6 

 2.2    Fabrication approach of electrode materials 7 

 2.3    Substrate materials for supercapacitors 9 

 2.4    Additives/ binder added electrodes 10 

 2.5    Binder-less electrodes 11 

 

         2.5.1 Pure graphene electrodes 

         2.5.2 Symmetrical supercapacitors 

         2.5.3 Asymmetrical supercapacitors 

12 

14 

22 

 

2.6    Figures of merit used in characterization of  

         electrochemical devices 

25 

 

 

2.7    Trends and challenges in supercapacitor   

         development 

25 

 

   

3 MATERIALS AND METHODS 27 

 3.1    Reagent and materials 27 

 3.2    Characterizations 27 

 3.3    Chemicals preparation 29 

          3.3.1 Preparation of graphene oxide 29 

 

         3.3.2 Preparation of PVA/ KOH hydrogel polymer   

                  electrolyte 

29 

 

 

3.4    Preparation of polypyrrole/ graphene oxide/ zinc  

         oxide (PPy/GO/ ZnO) as supercapacitor electrode 

29 

 

   



© C
OPYRIG

HT U
PM

xi 

 

3.5    Preparation of carbon nanofibers membrane (CNF)   

         as supercapacitor electrode via electrospinning  

         technique 

30 

 

3.6    Preparation of reduced-graphene oxide encapsulated  

         CNF as supercapacitor electrode 

31 

 

 

3.7    Preparation of graphene nanoplatlets/ CNF as  

         supercapacitor electrode 

31 

 

 

3.8    Synthesis of UV-initiated functionalization of    

         graphene oxide and its application in electrospun  

         supercapacitor electrode 

31 

 

 

 

3.9    Preparation of graphene nanoplatlets/ CNF as  

         supercapacitor electrode 

31 

 

 3.10  Fabrication of free-standing supercapacitor device 32 

 3.11  Fabrication of perovskite solar cell 32 

          3.11.1 Preparation of ITO glass substrates 32 

 

         3.11.2 Preparation of TiO2 flat film precursor  

                    solution 33 

          3.11.3 Preparation of perovskite precursor solution 33 

 

         3.11.4 Preparation of meso-structured solar cell  

                    (MSSC) architecture 

33 

 

   

4 RESULTS AND DISCUSSION 34 

 

4.1    Synthesis of PPy/ GO/ ZnO as supercapacitor  

         electrode 

34 

 

 

         4.1.1 Electrochemical evaluation as the function of  

         deposition time 

34 

 

 

         4.1.2 FESEM characterization of PPy/ GO/ ZnO   

                  electrode 35 

 

         4.1.3 Spectroscopy characterization of PPy/ GO/  

                  ZnO electrode 

38 

 

 4.2    Performance of PPy/ GO/ ZnO as supercapacitor 41 

 

         4.2.1 Electrochemical performance as an  

                  electrochemical device 

41 

 

          4.2.2 Conclusion 47 

 

4.3    Fabrication of free-standing flexible PPy/ GO/ ZnO  

         supercapacitor  

48 

 

 

         4.3.1 Electrochemical characterization of  

                  PPy/GO/ZnO device 

48 

 

          4.3.2 Pliability test 51 

          4.3.3 Conclusion 53 

 

4.4    Characterization of electrospun carbon nanofibers  

         (CNF) as supercapacitor electrode 

53 

 

          4.4.1 FESEM and EDX study of electrospun CNF 53 

 

         4.4.2 Chemical composition of electrospun  

                  nanofibers 54 

 

         4.4.3 Electrochemical performance of carbon  

                  nanofibers 56 

 

4.5    Characterization of graphene encapsulated CNF   

         (rGO-en-CNF) as supercapacitor electrode 

57 

 



© C
OPYRIG

HT U
PM

xii 

 

 

4.6    Characterization of graphene nanoplatlets- 

         reinforced carbon nanofibers (GnP-CNF) as  

         supercapacitor electrode 

59 

 

 

          4.6.1 FESEM study of GnP-CNF 59 

          4.6.2 Electrochemical performance of GnP-CNF 59 

          4.6.3 Conclusion 61 

 4.7    Surface functionalization of graphene oxide (FGO) 61 

 

         4.7.1 Chemical composition of the synthesized  

         photoinitiator 

62 

 

          4.7.2 Mechanism of GO functionalization 63 

 

         4.7.3 GPC study of the functionalized graphene  

                  oxide as the function of initiator concentration 

67 

 

          4.7.4 Solubility test of FGO in organic solvent 69 

 

4.8    Characterization of the synthesized FGO-reinforced  

         CNF (FGO/ CNF) 

69 

 

          4.8.1 FESEM study of FGO/ CNF 69 

          4.8.2 FTIR analysis of FGO/ CNF 70 

 

         4.8.3 NMR analysis of FGO/ CNF as the function of  

                  FGO concentration 

71 

 

 

         4.8.4 Electrochemical performance of FGO/ CNF as  

                  The function of GO concentration 

71 

 

          4.8.5 Conclusion 75 

 

4.9    Characterization of electrospun metal oxides   

         nanoparticles- reinforced carbon nanofibers  

         (MO/ CNF) 

75 

 

 

          4.9.1 FESEM and EDX studies of MO-CNF 76 

          4.9.2 Chemical composition analysis of MO-CNF 78 

 

         4.9.3 Electrochemical performance of MO/ CNF as  

         supercapacitor 

79 

 

 

         4.10  Fabrication of MO/ CNF-based free-standing  

         flexible supercapacitor device 

85 

 

          4.10.1 Pliability test of the flexible device 85 

          4.10.2 Conclusion 86 

 

         4.11 Fabrication of CH3NH3PBXCI3-X based   

                 Perovskite solar cell as potential combination of  

                 photosupercapacitor 

86 

 

 

          4.11.1 Idealizing a perovskite solar cell 86 

 

         4.11.2 Fabrication of titanium dioxide (TiO2) layer  

                    on indium-tin oxide (ITO) glass 

87 

 

          4.11.3 Fabrication of perovskite absorber layer 87 

 

         4.11.4 Photo-current characterization of fabricated  

           perovskite cell 

89 

 

   

5 CONCLUSION AND RECOMMENDATION 91 

 5.1    Conclusion 91 

 5.2    Recommendation 91 

 

 

  



© C
OPYRIG

HT U
PM

xiii 

 

REFERENCES 93 

APPENDIX 101 

BIODATA OF STUDENT 102 

LIST OF PUBLICATION 103 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

xiv 

 

LIST OF TABLES 

 

Table  Page 

1.1 A summary on the fabricated graphene-based 

supercapacitor devices 

 

2 

4.1 Specific capacitance derived from CV profiles as a 

function of deposition time at different scan rates 

 

35 

4.2 Specific capacitance of PPy/GO/ZnO as a function of scan 

rate 

41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

xv 

 

LIST OF FIGURES 

 

Figure  Page 

1.1 Schematic diagram of fabrication of flexible supercapacitor 

device 

 

4 

2.1 (a) CV curves of solid-state supercapacitor on bare PET 

tested in bent and normal states (5 mVs-1). (b) Cycle life of 

solid-state supercapacitor on bare PET. (c) LED lighted by 

three solid-state supercapacitors on bare PET in series.  

 

11 

2.2 (a) Design and fabrication of flexible, all-solid-state LSG 

electrochemical capacitor. (b) Bending the device had 

almost no effect on its performance, as seen in these CVs 

collected at a scan rate of 1000 mVs-1.  

 

13 

2.3 (a) Schematic diagram and (b) photographs of fabrication 

process for flexible solid-state supercapacitors based on 

graphene hydrogel films. (c) Low- and (d) high-

magnification SEM images of the interior microstructure of 

the graphene hydrogel before pressing. (e) Low- and (f) 

high-magnification SEM images of the interior 

microstructure of the graphene hydrogel film after pressing.  

 

14 

2.4 (a) Cross-sectional SEM image of the device. (b) 

Stretchable supercapacitors encapsulated in Ecoflex and 

Ecoflex/fabric. SEM images of (c) porous graphene and (d) 

PANI/graphene.  

 

15 

2.5 (a) Specific capacitances of all G/PPy electrodes by 

electrodeposition time, as determined by CV with different 

scan rates. (b) Galvanostatic charge/discharge curves for 

the G, G/PPy 60, G/PPy 120, and G/PPy 360 electrodes for 

comparison at a current density of 1 Ag-1 between 0.4 and 

0.6 V versus SCE in 1 M KCl.  

 

17 

2.6 (a) SEM images of graphene fiber (GF), (b) G/GF, 

and (c) MnO2/G/GF with MnO2 deposition time of 40 min.  

 

18 

2.7 (a) CV at a scan rate of 10 mVs-1 and (b) charge/discharge 

curves of the fiber capacitor at a current of 1 mA, with an 

effective length of 0.5 cm under straight and bent 

conditions. (c) CV at a scan rate of 25 mVs-1 and (d) 

charge/discharge curves of 1.3 cm-long MnO2/G/GF fiber 

supercapacitor at 2 mA of applied current, with different 

straight/bending cycles.  

18 

2.8 (a) Panoramic FE-SEM image of as-prepared b-

Ni(OH)2/graphene nanohybrids. (b) TEM image of the as-

prepared nanohybrids confirming the nanosheet 

19 

  



© C
OPYRIG

HT U
PM

xvi 

 

morphology. (c) XRD pattern of the as-prepared b-

Ni(OH)2/graphene nanohybrids. (d) Cross-sectional HR-

TEM image of the curled fringe of the nanohybrid sheet 

giving the interlayer spacing of 5.15 Å. (e) Enlarged view 

of the HR-TEM image and the structural model of the layer-

by-layer nanohybrids.  

 

2.9 TEM images of (a) MnO2-rGO nanocomposite and (b) low-

magnification SEM image of MnO2-rGO coated on CFP.  

 

20 

2.10 (a and b) SEM images of G/CNT fiber and enlarged 

surface, respectively. (c and d) Cross-sectional view of the 

CNT/G fiber with different magnifications.  

 

22 

2.11 (a) Schematic illustration of flexible supercapacitor using 

CNT/G textile fibers as electrodes. (b) Photograph of the 

fabricated textile supercapacitor. (c) CV curves of the 

supercapacitor with the CNT/G textile fibers under various 

scan rates. (d) Galvanostatic charge/discharge curves at 

various current densities. (e) Influence of flat and bending 

state on the CV curves of the fabricated supercapacitor at a 

scan rate of 100 mVs-1. (d) Durability test of the textile 

supercapacitor undergoing repeated flat-to-bending cycles.  

 

22 

2.12 Schematic diagrams of (a) all-solid-state flexible thin a-SC 

and (b) experimental procedure for synthesis of water-

soluble IL-CMG and RuO2–IL-CMG hybrids.  

 

24 

2.13 Long-term cycling stability of a-SC devices under normal, 

twisted, and bent states with a constant current density of 1 

Ag-1 over 2000 cycles.  

 

24 

3.1 Schematic diagram of three-electrode configuration setup 

in characterization of electrochemical supercapacitor 

electrode 

 

28 

3.2 Schematic diagram illustrating preparation of 

electrochemical cell 

 

29 

3.3 Schematic diagram of CNF synthesis 30 

3.4 Schematic diagram in preparation of flexible free-standing 

supercapacitor device 

 

32 

4.1 CV profiles of PPy/GO/ZnO at various scan rate of (a) 100 

mVs-1 and (b) 2 mVs-1 

 

35 

4.2 EDX spectrum of PPy/GO (a) and EDX spectrum of 

PPy/GO/ZnO (b), along with the images of deposited 

surface (inset). 

 

37 



© C
OPYRIG

HT U
PM

xvii 

 

4.3 FESEM images of PPy (a), PPy/GO (b), PPy/GO/ZnO (c), 

and elemental mapping derived from EDX measurements 

of PPy/GO/ZnO (d). 

 

38 

4.4 FT-IR spectra of blank nickel and PPy/GO/ZnO deposited 

on nickel foam 

 

39 

4.5 XRD diffraction peaks of (a) nickel foam, (b) PPy, (c) 

PPy/GO, and (d) PPy/ GO/ ZnO 

40 

4.6 Raman spectra of (a) blank nickel foam, (b) PPy, (c) PPy/ 

GO, and (d) PPy/ GO/ ZnO 

 

40 

4.7 (a) CV profiles of PPy/GO/ZnO at various scan rates, with 

no observable redox peaks detected. (b) Comparison of CV 

profiles of PPy/GO/ZnO, PPy/GO, and PPy at a scan rate 

of 2 mVs-1, which shows the superior performance of the 

PPy/GO/ZnO sample 

 

42 

4.8 (a) Galvanostatic charge/discharge curves of PPy, PPy/GO, 

and PPy/GO/ZnO at current density of 1Ag-1, with longest 

discharge time recorded for PPy/GO/ZnO. (b) 

Charge/discharge curves of PPy/GO/ZnO at various current 

densities 

 

42 

4.9 The decrease trends of specific capacitances as a function 

of increasing current densities 

 

43 

4.10 Ragone plots of PPy, PPy/GO, and PPy/GO/ZnO. 

PPy/GO/ZnO outperforms both the PPy and PPy/GO 

samples by recording a significantly higher energy density 

and power density profile. 

 

44 

4.11 Ragone Profile of PPy, PPy/GO and PPy/GO/ZnO. All 

super-capacitor materials outperforms activated carbon 

material by recording significant higher energy and power 

densities 

 

45 

4.12 Nyquist plots of PPy, PPy/GO, and PPy/GO/ZnO 

 

46 

4.13 Schematic diagram of charging/discharging mechanism of 

PPy/GO/ZnO nanocomposite 

 

47 

4.14 Cyclic performance of PPy/GO/ZnO supercapacitor 

 

47 

4.15 CVs for PPy/ GO/ ZnO at various scan rates 

 

48 

4.16 Galvanostatic charge/discharge cycles of PPy, PPy/ GO, 

and PPy/ GO/ ZnO at current density of 1 Ag-1 

 

49 



© C
OPYRIG

HT U
PM

xviii 

 

4.17 Specific capacitances of PPy, PPy/ GO, and PPy/ GO/ ZnO 

at various current densities 

 

49 

4.18 Nyquist plots of PPy, PPy/ GO, and PPy/ GO/ ZnO 

 

50 

4.19 (a) Specific capacitive retention values of PPy, PPy/ GO, 

and PPy/ GO/ ZnO electrodes at 1000 galvanostatic charge/ 

discharge cycles at current density of 1Ag-1, and (b) specific 

capacitive retention values of PPy/ GO/ ZnO electrodes 

with different concentrations of sodium acetate at 1000 

galvanostatic charge/ discharge cycles at current density of 

1 Ag-1 

 

51 

4.20 Images of supercapacitor bent at various angles (approx.): 

(a) original, (b) 45°, (c) 90°, (d) 135°, and (e) 180° 

 

52 

4.21 CVs for (a) PPy/ GO/ ZnO and (b) activated carbon at 100 

mV/s with various bending angles, (c) prepared 

supercapacitor connected in series lighting up LED circuit, 

and (d)  supercapacitor bent at 90°lighting up LED circuit 

 

52 

4.22 Surface morphologies of PAN nanofibers (a & b), CNF (d 

& e), single nanofibers of PAN (c) and CNF (f), EDX 

measurements of (g) PAN and (h) CNF based on inset 

images 

 

54 

4.23 FTIR spectra of PAN and its carbonized form 

 

55 

4.24 Raman spectra of PAN nanofibers and CNF 

 

56 

4.25 (a) Cyclic voltammetry profiles at various scan rates and 

(b) galvanostatic charge/discharge analysis of blank CNF 

 

57 

4.26 (a) FESEM images of CNF-en-CNF and (b) the magnified 

version 

 

58 

4.27 CV profiles of CNF and CNF-en-rGO at a scan rate of 100 

mVs-1 

 

58 

4.28 FESEM images of (a) CNF-GnP 1mg/ml and (b) the 

magnified image showing GnP suspended within a 

nanofiber strand 

 

59 

4.29 Cyclic voltammetry profiles of CNF/GnP as the function of 

GnP concentration of at a scan rate of 100 mVs-1 

 

60 

4.30 Galvanostatic charge/ discharge profiles of GnP/CNF as the 

function of GnP concentration at a current density of 1 Ag-

1 

 

60 



© C
OPYRIG

HT U
PM

xix 

 

4.31 Galvanostatic charge/ discharge stability test of CNF with 

various concentration of GnP with 1000 of continuous 

cycles 

 

61 

4.32 NMR Spectra of the synthesized iniferter as a 

photoinitiator. Inset is the molecular structure of iniferter as 

reference 

 

62 

4.33 FT-IR spectra indicating the synthesis of photoinitiator 

 

63 

4.34 Stacking and anchoring of iniferter molecule onto the 

surface of graphene oxide via pi-pi interactions 

 

64 

4.35 UV-assisted PMMA polymerization of iniferter molecules 

  

65 

4.36 Mechanisms of surface functionalization of GO via pi-pi 

interactions of iniferter 

 

66 

4.37 Graphs of intensity vs Log Mw for GO functionalized with 

(a) 0.5 mmol and (b) 1.0 mmol photo-initiator 

 

67 

4.38 Effects of initiator concentration towards the degree of 

polymerization as the function of polymerization time 

 

68 

4.39 1H NMR Spectra of fGO obtained by UV-initiated 

polymerization of MMA at 150 minutes in various 

concentration of iniferter with CDCl3 as solvent 

 

68 

4.40 Photograph of GO and fGO in CHCl3 solvent. GO 

immediately agglomerates upon added into the solvent, 

whereas fGO readily dispersed with no phase separation 

observed 

 

69 

4.41 (a) Surface morphology of CNF/fGO, (b) fGO sheets 

intercalated within the nanofibers, (c) the presence of high 

amount of fGO within the nanofibers, (d) high 

magnification of a single fGO sheets, and (e) EDX spectra 

of CNF/fGO 

 

70 

4.42 FT-IR spectra of pure CNF and CNF/fGO 

 

71 

4.43 Cyclic voltammetry profiles at various scan rates of (a) pure 

CNF, (c) CNF/fGO-1 and (e) CNf/fGO-2; galvanostatic 

charge/ discharge analysis of (b) pre CNF, (d) CNF/fGO-1, 

and (f) CNF/fGO-2. Insets illustrated the capacitance and 

leakage drop as the function of current density applied 

73 

 

4.44 (a) Nyquist plots of pure CNF, CNF/fGO-1 and CNF/fGO-

2. The inset magnified the high frequency region of the 

spectra; (b) Capacitance retention and voltage drop of 

75 



© C
OPYRIG

HT U
PM

xx 

 

CNF/fGO-2 as the function of continuous charge/ discharge 

cycles 

 

4.45 FESEM images of PAN nanofibers loaded with various 

metal precursors 

 

76 

4.46 CNF reinforced with various metal oxides nanoparticles 

 

77 

4.47 EDX and elemental maps of CNF with Cu (a), Zn (b), Ni 

(c), Fe (d), and Mn (e) 

 

77 

4.48 FTIR spectra of metal oxide-reinforced PAN NFs (a) and 

CNF (b) 

 

78 

4.49 XPS spectra of the samples 

 

79 

4.50 CV profiles and specific capacitances at various scan rates 

of CNF (a), CNF reinforced with Cu (b), Zn (c), Ni (d), Fe 

(e), and Mn (f). CNF-Zn and CNF-Ni samples recorded 

higher specific capacitances than CNF at all scan rates 

 

80 

4.51 Cyclic voltammograms obtained at various scan rates of (a) 

blank CNF, (c) CNF-ZnO, and (e) CNF-NiO; galvanostatic 

charge/discharge analysis of (b) blank CNF, (d) CNF-ZnO, 

and (f) CNF-NiO. The insets illustrate the specific 

capacitance and leakage drop as a function of the current 

density 

 

82 

4.52 (a) Nyquist plots of pure CNF, CNF-ZnO, and CNF-NiO. 

Inset shows a magnified view of the high frequency region 

of the spectra; cycle stability performance of (b) CNF-ZnO 

and (c) CNF-NiO supercapacitors. Green plot indicates 

voltage leakage drop across the charging cycles 

 

84 

4.53 (a) Graphite sheet uniformly covered by cellophane tape,  

(b) thin layer of graphite/ cellophane tape formed 

immediately upon peeling off the tape, (c) schematic 

diagram in preparation of free-standing supercapacitor 

device, and (d) CV profiles of the free-standing device upon 

subjected to flexibility tests of (ii) bending and (iii) roll-up 

curvature, compared to the  (i) original state 

 

85 

4.54 Schematic presentation illustrating (a) mesostructure and 

(b) inverted structure perovskited solar cell 

 

87 

4.55 Photograph of (a) Kapton tape-masked ITO glass and (b) 

comparison of blank ITO and TiO2/ ITO 

 

87 

4.56 Comparison on the effect of (a) dynamic spin coating and 

(b) static spin coating on the formation of perovskite layer 

88 



© C
OPYRIG

HT U
PM

xxi 

 

4.57 Formation of perovskite absorber on Al2O3 scaffold spin-

coated at the speed of (a) 2000 .rpm, (b) 3000 rpm, and (c) 

4000 rpm 

 

88 

4.58 Formation of perovskite layer after pre-forming time of (a) 

0 minute, (b) 5 minutes, (c) 10 minutes, and (d) 15 minutes 

 

89 

4.59 Schematic diagram in preparation of cell for photo-current 

characterization, (b) short-circuit I/V profile, and (c) 

working I/V profile 

89 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

xxii 

 

LIST OF ABBREVIATIONS 

  

AC    Activated Carbon 

Ag/AgCl   Silver/ silver chloride referenc electrode 

Ag-1    Ampere per Gram 

A-SC    Aerogel Supercapacitor 

ATR    Attenuated Total Reflectance 

Au    Gold 

CB    Carbon Black 

CC    Charge/ Discharge 

CCG    Chemically Converted Graphene 

CDC    Charge/ Discharge 

cMWCNT   Multi-walled Carbon Nanotube 

CNF    Carbon Nanofibers 

CNP    Carbon Paper 

CNTs    Carbon Nanotubes 

CV    Cyclic Voltammetry 

CVD    Chemical Vapor Deposition 

E    Specific Energy Density 

EDLC    Electric Double-Layer Capacitor 

EDX    Energy Dispersive X-Ray 

EIS    Electrochemical Impedance Spectroscopy 

ESR    Equivalent Series Resistance 

fGO    Functionalized Graphene Oxide 

fGO    functionalized Graphene Oxide 

FT-IR    Fourier Transform Infrared Spectroscopy 

GnP    Graphene Nanoplatlets 

GO    Graphene Oxide 

GSC    Graphite Sheet/ Cellophane Tape 



© C
OPYRIG

HT U
PM

xxiii 

 

IL-CMG   ionic liquid functionalized-chemically modified  

    graphene film 

IR    Voltage Drop 

ITO    Indium-Tin Oxide 

kPa    Kilo Pascal 

LED    Light Emitting Diode 

LSG    Laser-reduced Graphene Film 

M    Molarity 

MMA    Methyl Methacrylate 

MO    Metal Oxides 

MSSC    Meso-structured Solar Cell 

Mw    Weight-Average of Molecular Weight 

NMR    Nuclear Magnetic Resonance 

OMC    ordered mesoporous carbon 

P    Specific Power Density 

PAAK    Potassium Polyacrylate 

PANI    Polyaniline 

PEDOT   Poly (3,4-ethylenedioxythiophene) 

PET    Poly(ethylene terephthalate) 

PMMA   Poly(methyl methacrylate) 

PPy    Polypyrrole 

PPy/GO   Polypyrrole/ Graphene Oxide 

PPy/GO/ZnO   Polypyrrole/ Graphene Oxide/ Zinc Oxide 

PTFE    Polytetrafluoroethylene 

PVA    Polyvinyl Alcohol 

PVDF    Polyvinylidine Fluoride 

Rct    Charge Transfer Resistance 

rGO    Reduced Graphene Oxide 

rGO-en-CNF   Graphene Encapsulated Carbon Nanofibers 

RMGO   Reduced Multilayer Graphene Oxide 



© C
OPYRIG

HT U
PM

xxiv 

 

RPM    Revolutions Per Minute 

SCE    Saturated Calomel Electrode 

SEM    Scanning Electron Miscroscope 

XPS    X-ray Photoelectron Spectroscopy 

XRD    X-ray Diffraction Analyzer 

ZnO    Zinc Oxide 

 

 

 

 



© C
OPYRIG

HT U
PM

1 

 

CHAPTER 1 

 

 

INTRODUCTION 

 

 

1.1  Overview of Supercapacitors 

 

 

Flexible electronics has expanded to become one of the most popular research fields 

over the last few decades. Rapid developments in electronics such as flexible displays, 

wearable devices, flexible cellular phones, and energy devices (battery anodes and 

supercapacitor electrodes)  open up a wide demand for flexible devices that 

theoretically possess excellent flexibility, a light weight, softness, high transparency, 

and good mechanical strength, which are impossible to obtain with the integrated 

circuits commonly available today (Sun et al., 2014).  

 

Generally, supercapacitors are divided into two main categories: electric double layer 

capacitors (EDLC) and pseudocapacitors. An EDLC primarily utilizes the charges 

accumulated on the interfacial electrolyte/electrode surface, which mainly involves 

carbon-based materials with a high specific surface area. The latter possessed similar 

electrochemical signature of a capacitive electrode (Brousse et al., 2015), however 

utilizes faradaic mechanisms to store charges (C. Liu et al., 2010).  On the other hand, 

the actual performance of a supercapacitor device frequently being measured by the 

power density and energy density of the system. Both are commonly used to 

characterize and compare the electrochemical performances of different 

supercapacitor devices (Fan et al., 2011a; Winter & Brodd, 2004).  

 

 

The recent research on supercapacitor devices has heavily focused on the mechanical 

flexibility of solid-state devices, with the goal of maintaining their high 

electrochemical performance while following the significant trend of portable and 

wearable electronics becoming small, thin, lightweight, and flexible, which brings 

new challenges for energy storage systems (Nyholm et al., 2011; Rogers et al., 2010). 

Numerous attempts to fabricate a graphene-based flexible supercapacitor system have 

been reported, with and without the addition of binders, as summarized in Table 1.1. 

A simple illustration on the fabrication technique for a flexible solid-state 

supercapacitor device is summarized in Figure 1.1.
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Table 1.1: A summary on the fabricated graphene-based supercapacitor devices. 

Electrode Materials Current 
Collectors 

Binder Highest 

specific 
Capacitance 

Current Density 

(Ag-1) 

Capacitance 
basis 

Areal mass 
loading (cm2) 

 Electrolyte Ref. 

rGO/ carbon black Au coated 

PET 

Carbon 

black 

79 Fg-1 1 Whole 

electrode 

1 PVA/ H2SO4 (Y. Wang et al., 2014) 

Mesoporous graphene/ PTFE Coin cell PTFE 100-250 Fg-

1

1 N/A 1.3 (coin cell) Celgard membrane/ 

EMIMBF4 

(C. Liu et al., 2010) 

Graphene/ PANI - - 261 Fg-1 0.38 Active 
material 

N/A PVA/ H3PO4 (Y. Xie et al., 2014) 

Graphene/ PANI nanofibers - - 210 Fg-1 0.30 Whole 
electrode 

N/A Filter paper/ H2SO4 (Q. Wu et al., 2010) 

PPy/ graphene - - 237 Fg-1 0.01Vs-1 

(CV) 

Whole 
electrode 

N/A KCl (Davies et al., 2011) 

rGO/ cMWCNT – CFP/PPy - - 82.4 Fg-1 0.5 Active 
material 

N/A PAAK/KCl (C. Yang et al., 2014) 

Multilayer rGO Au-
sputterd 

- 247.3 Fg-1 0.176 Whole 
electrode 

0.4 PVA/ 

H3PO4 

(Yoo et al., 2011) 

MnO2-coated graphene fiber - - 9.1-9.6 
mFcm-2 

2 x 10-4 μA Whole 
electrode 

N/A PVA/ 

H2SO4 

(Q. Chen et al., 2014) 

β-Ni(OH)2/ graphene Au-coated 
PET 

- 3304 µFcm-

2

0.1/ m2 Area of 

single 
electrode 

1 PVA/ 

KOH 

(J. Xie et al., 2013) 

Laser-scribed rGO - - 4.04mFcm-2 1 Whole 
electrode 

N/A PVA/H2SO4 (El-Kady et al., 2012) 
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Graphene-coated MnO2 - - 29.8 Fg-1 1.5 mA/ cm2 Whole 
electrode 

N/A Membrane 
separator/ Na2SO4 

(He et al., 2012) 

CNT-Mn3O4/ graphene - - 72.6 Fg-1 0.5 Active 

material 

N/A PAAK/ 

KCL 

(H. Gao et al., 2012) 

IL-CMG/ RuO2-IL-CMG - - 167 Fg-1 1 Active 
material 

N/A PVA/ H2SO4 (Choi et al., 2012) 

Graphene-cellulose 
nanofibers aerogel 

- - 203 Fg-1 0.7 Active 
material 

0.02 PVA/ 

H2SO4 

(K. Gao et al., 2013) 

MnO2/ rGO CNF Ethylen
e glycol 

- - Active 
material 

28 PVA/ NaNO3 (Sawangphruk et al., 2013) 

Graphene hydrogel Au-coated 
PI 

- 186 Fg-1 1 Active 
material 

N/A PVA/ 

H2SO4 

(Y. Xu et al., 2013) 

OMC-graphene/ Ag NWs - - 213 Fg-1 1 Electrode 
material 

N/A Filter paper/ KOH (J. Zhi et al., 2014) 

CNT-graphene/ Fe3O4 

nanoparticle 

Au-coated 
PET 

- 200 -1 0.1 Vs-1  (CV) Electrode 
material 

1 Filter paper/ 
Na2SO4 

(Cheng et al., 2013) 

*Non-available: N/A
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Figure 1.1: Schematic diagram of fabrication of flexible supercapacitor device. 

1.2 Problems Statement 

Although various approaches had been reported in the development of flexible 

supercapacitors, the progress in developing a high-performance and cost-effective 

flexible devices is yet remain as a challenge. Parallely, the successful fabrication of 

flexible supercapacitor electrodes without the addition of binders or additives still rely 

heavily on the electrical conductivity of the composite material itself, not forgetting 

that mechanical strength of the fabricated electrode films is required as reinforcement 

to withstand the stress load on the fabricated devices during bending or twisting. 

Therefore, there is a need in the development of cost effective, simple, and high 

performance flexible supercapacitor electrode in order to meet the expectation in the 

application in future electronic devices which requires fabricated energy devices that 

are thin, flexible, and lightweight. The fabrication of highly flexible electrode 

materials with optimum electrochemical performance serves an ultimate role in 

determining the final outcome of the fabricated supercapacitor device.  

1.3 Hypothesis of Study: 

 The fabricated graphene-based ternary nanocomposites has enhanced

electrochemical performance and stability in the fabrication of flexible devices.

 The synergistic combination of electrospinning and additives successfully

generated a facile route in the production of highly flexible electrode materials

with enhanced electrochemical performance to be incorporated into a high

flexibility energy storage device.



© C
OPYRIG

HT U
PM

5 

1.4 Research Objectives 

1. To fabricate graphene based nanocomposite-deposited nickel foam as flexible

supercapacitor electrode via electrodeposition technique.

2. To fabricate flexible conductive carbon nanofiber via carbonization of

electrospun polymer nanofibers

3. To evaluate the addition of various additives in electrospun  carbon nanofibers

as the function of electrochemical  performance enhancement

4. To fabricate and characterize the flexible solid-state supercapacitors

based on prepared electrode materials
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Rueda, F., Amarilla, J., & Rojo, J. (2010). Amorphous carbon nanofibers and their 

activated carbon nanofibers as supercapacitor electrodes. The Journal of Physical 

Chemistry C, 114(22), 10302-10307. 

Bashir, Z. (1991). A critical review of the stabilisation of polyacrylonitrile. Carbon, 29(8), 

1081-1090. 

Batool, A., Kanwal, F., Imran, M., Jamil, T., & Siddiqi, S. A. (2012). Synthesis of 

polypyrrole/zinc oxide composites and study of their structural, thermal and electrical 

properties. Synthetic Metals, 161(23–24), 2753-2758. 

Becheri, A., Dürr, M., Lo Nostro, P., & Baglioni, P. (2008). Synthesis and characterization of 

zinc oxide nanoparticles: application to textiles as UV-absorbers. Journal of 

Nanoparticle Research, 10(4), 679-689. 

Brittman, S., Adhyaksa, G. W. P., & Garnett, E. C. (2015). The expanding world of hybrid 

perovskites: materials properties and emerging applications. MRS communications, 

5(01), 7-26. 

Brousse, T., Bélanger, D., & Long, J. W. (2015). To be or not to be pseudocapacitive? Journal 

of the Electrochemical Society, 162(5), A5185-A5189. 

Cao, H., Yang, D., Zhu, S., Dong, L., & Zheng, G. (2012). Preparation, characterization, and 

electrochemical studies of sulfur-bearing nickel in an ammoniacal electrolyte: the 

influence of thiourea. Journal of Solid State Electrochemistry, 16(9), 3115-3122. 

Cao, P., Yao, J., Ren, B., Gu, R., & Tian, Z. (2002). Surface-Enhanced Raman Scattering 

Spectra of Thiourea Adsorbed at an Iron Electrode in NaClO4 Solution. The Journal 

of Physical Chemistry B, 106(39), 10150-10156. 

Chang, H.-H., Chang, C.-K., Tsai, Y.-C., & Liao, C.-S. (2012). Electrochemically synthesized 

graphene/polypyrrole composites and their use in supercapacitor. Carbon, 50(6), 

2331-2336. 

Chen, J., Bi, H., Sun, S., Tang, Y., Zhao, W., Lin, T., Wan, D., Huang, F., Zhou, X., Xie, X., 

& Jiang, M. (2013). Highly Conductive and Flexible Paper of 1D Silver-Nanowire-

Doped Graphene. ACS Appl. Mater. & Sci., 5(4), 1408-1413. 

Chen, Q., Meng, Y., Hu, C., Zhao, Y., Shao, H., Chen, N., & Qu, L. (2014). MnO2-modified 

hierarchical graphene fiber electrochemical supercapacitor. J. Powr. Sourc., 247(0), 

32-39. 

Chen, Y.-L., Hu, Z.-A., Chang, Y.-Q., Wang, H.-W., Zhang, Z.-Y., Yang, Y.-Y., & Wu, H.-

Y. (2011). Zinc Oxide/Reduced Graphene Oxide Composites and Electrochemical 

Capacitance Enhanced by Homogeneous Incorporation of Reduced Graphene Oxide 

Sheets in Zinc Oxide Matrix. The Journal of Physical Chemistry C, 115(5), 2563-

2571. 

Cheng, H., Dong, Z., Hu, C., Zhao, Y., Hu, Y., Qu, L., Chen, N., & Dai, L. (2013). Textile 

electrodes woven by carbon nanotube-graphene hybrid fibers for flexible 

electrochemical capacitors. Nanoscale, 5(8), 3428-3434. 



© C
OPYRIG

HT U
PM

94 

 

Chiang, H. L., Ho, Y. S., Lin, K. H., & Leu, C. H. (2007). Carbon fiber formation on Pd and 

Ni catalysts by acetylene decomposition. Journal of Alloys and Compounds, 434–

435(0), 846-849. 

Choi, B. G., Chang, S.-J., Kang, H.-W., Park, C. P., Kim, H. J., Hong, W. H., Lee, S., & Huh, 

Y. S. (2012). High performance of a solid-state flexible asymmetric supercapacitor 

based on graphene films. Nanoscale, 4(16), 4983-4988. 

Dalton, S., Heatley, F., & Budd, P. M. (1999). Thermal stabilization of polyacrylonitrile fibres. 

Polymer, 40(20), 5531-5543. 

Davies, A., Audette, P., Farrow, B., Hassan, F., Chen, Z., Choi, J.-Y., & Yu, A. (2011). 

Graphene-Based Flexible Supercapacitors: Pulse-Electropolymerization of 

Polypyrrole on Free-Standing Graphene Films. J. Phys. Chem. C, 115(35), 17612-

17620. 

Dharmaraj, N., Prabu, P., Nagarajan, S., Kim, C., Park, J., & Kim, H. (2006). Synthesis of 

nickel oxide nanoparticles using nickel acetate and poly (vinyl acetate) precursor. 

Materials Science and Engineering: B, 128(1), 111-114. 

Dong, F., Li, Z., Huang, H., Yang, F., Zheng, W., & Wang, C. (2007). Fabrication of 

semiconductor nanostructures on the outer surfaces of polyacrylonitrile nanofibers by 

in-situ electrospinning. Materials Letters, 61(11–12), 2556-2559. 

Dong, X., Cao, Y., Wang, J., Chan-Park, M. B., Wang, L., Huang, W., & Chen, P. (2012). 

Hybrid structure of zinc oxide nanorods and three dimensional graphene foam for 

supercapacitor and electrochemical sensor applications. RSC Adv., 2(10), 4364-4369. 

Dong, X., Wang, J., Wang, J., Chan-Park, M. B., Li, X., Wang, L., Huang, W., & Chen, P. 

(2012). Supercapacitor electrode based on three-dimensional graphene–polyaniline 

hybrid. Materials Chemistry and Physics, 134(2–3), 576-580. 

Du, G., Liu, Z., Xia, X., Chu, Q., & Zhang, S. (2006). Characterization and application of 

Fe3O4/SiO2 nanocomposites. Journal of sol-gel science and technology, 39(3), 285-

291. 

Dubal, D. P., & Holze, R. (2013). All-solid-state flexible thin film supercapacitor based on 

Mn3O4 stacked nanosheets with gel electrolyte. Energy, 51, 407-412. 

Dubal, D. P., Lee, S. H., Kim, J. G., Kim, W. B., & Lokhande, C. D. (2012). Porous 

polypyrrole clusters prepared by electropolymerization for a high performance 

supercapacitor. Journal of Materials Chemistry, 22(7), 3044-3052. 

Duchet, J., Legras, R., & Demoustier-Champagne, S. (1998). Chemical synthesis of 

polypyrrole: structure–properties relationship. Synthetic Metals, 98(2), 113-122. 

El-Kady, M. F., Strong, V., Dubin, S., & Kaner, R. B. (2012). Laser scribing of high-

performance and flexible graphene-based electrochemical capacitors. Science, 

335(6074), 1326-1330. 

Endo, M., Takeda, T., Kim, Y., Koshiba, K., & Ishii, K. (2001). High power electric double 

layer capacitor (EDLC's); from operating principle to pore size control in advanced 

activated carbons. Carbon Sci., 1(3&4), 117-128. 

Fan, Z., Yan, J., Wei, T., Zhi, L., Ning, G., Li, T., & Wei, F. (2011a). Asymmetric 

Supercapacitors Based on Graphene/MnO2 and Activated Carbon Nanofiber 

Electrodes with High Power and Energy Density. Advanced Functional Materials, 

21(12), 2366-2375. 

Fan, Z., Yan, J., Wei, T., Zhi, L., Ning, G., Li, T., & Wei, F. (2011b). Asymmetric 

supercapacitors based on graphene/MnO2 and activated carbon nanofiber electrodes 

with high power and energy density. Advanced Functional Materials, 21(12), 2366-

2375. 

Fuchs, J.-N., & Goerbig, M. O. (2008). Introduction to the physical properties of graphene. 

Lect. N. 

Gao, H., Xiao, F., Ching, C. B., & Duan, H. (2012). Flexible All-Solid-State Asymmetric 

Supercapacitors Based on Free-Standing Carbon Nanotube/Graphene and Mn3O4 

Nanoparticle/Graphene Paper Electrodes. ACS Appl. Mater. Interf., 4(12), 7020-7026. 



© C
OPYRIG

HT U
PM

95 

 

Gao, K., Shao, Z., Li, J., Wang, X., Peng, X., Wang, W., & Wang, F. (2013). Cellulose 

nanofiber-graphene all solid-state flexible supercapacitors. J. Mater. Chem. A, 1(1), 

63-67. 

Ge, J., Cheng, G., & Chen, L. (2011). Transparent and flexible electrodes and supercapacitors 

using polyaniline/single-walled carbon nanotube composite thin films. Nanoscale, 

3(8), 3084-3088. 

Geim, A. K., & Novoselov, K. S. (2007). The rise of graphene. Natur. mater., 6(3), 183-191. 

Ghosh, D., Giri, S., Sahoo, S., & Das, C. K. (2013). In Situ Synthesis of Graphene/Amine-

Modified Graphene, Polypyrrole Composites in Presence of SrTiO3 for 

Supercapacitor Applications. Polymer-Plastics Technology and Engineering, 52(3), 

213-220. 

Gómez-Navarro, C., Weitz, R. T., Bittner, A. M., Scolari, M., Mews, A., Burghard, M., & 

Kern, K. (2007). Electronic transport properties of individual chemically reduced 

graphene oxide sheets. Nano Letters, 7(11), 3499-3503. 

Grosvenor, A. P., Biesinger, M. C., Smart, R. S. C., & McIntyre, N. S. (2006). New 

interpretations of XPS spectra of nickel metal and oxides. Surface Science, 600(9), 

1771-1779. 

Gu, S.-y., Wu, Q.-l., & Ren, J. (2008). Preparation and surface structures of carbon nanofibers 

produced from electrospun PAN precursors. New Carbon Materials, 23(2), 171-176. 

Guan, H., Shao, C., Wen, S., Chen, B., Gong, J., & Yang, X. (2003). Preparation and 

characterization of NiO nanofibres via an electrospinning technique. Inorganic 

Chemistry Communications, 6(10), 1302-1303. 

Han, Y., Hao, L., & Zhang, X. (2010). Preparation and electrochemical performances of 

graphite oxide/polypyrrole composites. Synthetic Metals, 160(21–22), 2336-2340. 

Hao, X., Zhao, J., Li, Y., Zhao, Y., Ma, D., & Li, L. (2011). Mild aqueous synthesis of 

octahedral Mn3O4 nanocrystals with varied oxidation states. Coll. Surf. A: 

Physicochem. Eng. Asp., 374(1), 42-47. 

Hassan, M., Reddy, K. R., Haque, E., Faisal, S. N., Ghasemi, S., I. Minett, A., & Gomes, V. 

G. (2014). Hierarchical assembly of graphene/polyaniline nanostructures to 

synthesize free-standing supercapacitor electrode. Composit. Sci. Tech., 98(0), 1-8. 

He, Y., Chen, W., Li, X., Zhang, Z., Fu, J., Zhao, C., & Xie, E. (2012). Freestanding Three-

Dimensional Graphene/MnO2 Composite Networks As Ultralight and Flexible 

Supercapacitor Electrodes. ACS Nano, 7(1), 174-182. 

Hou, Y., & Gao, S. (2003). Monodisperse nickel nanoparticles prepared from a 

monosurfactant system and their magnetic properties. Journal of Materials Chemistry, 

13(7), 1510-1512. 

Hsu, Y. H., Lai, C. C., Ho, C. L., & Lo, C. T. (2014). Preparation of interconnected carbon 

nanofibers as electrodes for supercapacitors. Electrochimica Acta, 127(0), 369-376. 

Hu, X., Yu, J. C., Gong, J., Li, Q., & Li, G. (2007). α-Fe2O3 nanorings prepared by a 

microwave-assisted hydrothermal process and their sensing properties. Adv. Mater, 

19(17), 2324-2329. 

Huaming SUN, Z. G., Lin YANG, Lingxiang GAO. (2009). Synthesis of 4-arm methyl 

methacrylate star polymer by atom transfer radical polymerization. Front. Chem. 

China, 4(1), 89-92. 

Huang N.M., Lim H.N., Chia C.H., Yarmo M.A., & M.R., M. (2011). Simple room-

temperature preparation of high-yield large-area graphene oxide. International 

Journal of Nanomedicine, 2011:6, 3443 - 3448. 

Jamadade, S., Jadhav, S. V., & Puri, V. (2011). Electromagnetic reflection, shielding and 

conductivity of polypyrrole thin film electropolymerized in P-Tulensulfonic acid. 

Journal of Non-Crystalline Solids, 357(3), 1177-1181. 

Jiang, J., & Kucernak, A. (2002). Electrochemical supercapacitor material based on 

manganese oxide: preparation and characterization. Electrochimica Acta, 47(15), 

2381-2386. 



© C
OPYRIG

HT U
PM

96 

 

Jiang, J., Li, Y., Liu, J., Huang, X., Yuan, C., & Lou, X. W. (2012). Recent Advances in Metal 

Oxide-based Electrode Architecture Design for Electrochemical Energy Storage. 

Advanced Materials, 24(38), 5166-5180. 

Kim, C., & Yang, K. S. (2003). Electrochemical properties of carbon nanofiber web as an 

electrode for supercapacitor prepared by electrospinning. Applied Physics Letters, 

83(6), 1216-1218. 

Kim, C. H., & Kim, B.-H. (2015). Zinc oxide/activated carbon nanofiber composites for high-

performance supercapacitor electrodes. Journal of Power Sources, 274, 512-520. 

Laforgue, A. (2011). All-textile flexible supercapacitors using electrospun poly (3, 4-

ethylenedioxythiophene) nanofibers. Journal of Power Sources, 196(1), 559-564. 

Lai, C., Zhou, Z., Zhang, L., Wang, X., Zhou, Q., Zhao, Y., Wang, Y., Wu, X.-F., Zhu, Z., & 

Fong, H. (2014). Free-standing and mechanically flexible mats consisting of 

electrospun carbon nanofibers made from a natural product of alkali lignin as binder-

free electrodes for high-performance supercapacitors. Journal of Power Sources, 247, 

134-141. 

Li, J., Liu, E. h., Li, W., Meng, X. Y., & Tan, S. T. (2009). Nickel/carbon nanofibers composite 

electrodes as supercapacitors prepared by electrospinning. Journal of Alloys and 

Compounds, 478(1–2), 371-374. 

Li, Y., Peng, H., Li, G., & Chen, K. (2012). Synthesis and electrochemical performance of 

sandwich-like polyaniline/graphene composite nanosheets. Euro. Polym. J., 48(8), 

1406-1412. 

Li, Y., Ye, K., Cheng, K., Yin, J., Cao, D., & Wang, G. (2015). Electrodeposition of nickel 

sulfide on graphene-covered make-up cotton as a flexible electrode material for high-

performance supercapacitors. Journal of Power Sources, 274, 943-950. 

Li, Z., Liu, P., Yun, G., Shi, K., Lv, X., Li, K., Xing, J., & Yang, B. (2014). 3D (Three-

dimensional) sandwich-structured of ZnO (zinc oxide)/rGO (reduced graphene 

oxide)/ZnO for high performance supercapacitors. Energy, 69, 266-271. 

Li, Z., Zhou, Z., Yun, G., Shi, K., Lv, X., & Yang, B. (2013). High-performance solid-state 

supercapacitors based on graphene-ZnO hybrid nanocomposites. Nanoscale Research 

Letters, 8(1), 473-482. 

Liang, M., Luo, B., & Zhi, L. (2009). Application of graphene and graphene‐based materials 

in clean energy‐related devices. International Journal of Energy Research, 33(13), 

1161-1170. 

Lim, Y. S., Tan, Y. P., Lim, H. N., Huang, N. M., & Tan, W. T. (2013). Preparation and 

characterization of polypyrrole/graphene nanocomposite films and their 

electrochemical performance. J. Polym. Res., 20(6), 1-10. 

Lim, Y. S., Tan, Y. P., Lim, H. N., Huang, N. M., Tan, W. T., Yarmo, M. A., & Yin, C.-Y. 

(2014a). Potentiostatically deposited polypyrrole/graphene decorated nano-

manganese oxide ternary film for supercapacitors. Ceramics International, 40(3), 

3855-3864. 

Lim, Y. S., Tan, Y. P., Lim, H. N., Huang, N. M., Tan, W. T., Yarmo, M. A., & Yin, C.-Y. 

(2014b). Potentiostatically deposited polypyrrole/graphene decorated nano-

manganese oxide ternary film for supercapacitors. Cer. Inter., 40(3), 3855-3864. 

Lim, Y. S., Tan, Y. P., Lim, H. N., Tan, W. T., Mahnaz, M. A., Talib, Z. A., Huang, N. M., 

Kassim, A., & Yarmo, M. A. (2013). Polypyrrole/graphene composite films 

synthesized via potentiostatic deposition. Journal of Applied Polymer Science, 128(1), 

224-229. 

Liu, A., Li, C., Bai, H., & Shi, G. (2010). Electrochemical Deposition of 

Polypyrrole/Sulfonated Graphene Composite Films. The Journal of Physical 

Chemistry C, 114(51), 22783-22789. 

Liu, C., Yu, Z., Neff, D., Zhamu, A., & Jang, B. Z. (2010). Graphene-Based Supercapacitor 

with an Ultrahigh Energy Density. Nano Letters, 10(12), 4863-4868. 

Lu, T., Zhang, Y., Li, H., Pan, L., Li, Y., & Sun, Z. (2010). Electrochemical behaviors of 

graphene–ZnO and graphene–SnO2 composite films for supercapacitors. 

Electrochimica Acta, 55(13), 4170-4173. 



© C
OPYRIG

HT U
PM

97 

 

Ma, G., Yang, D., & Nie, J. (2009). Preparation of porous ultrafine polyacrylonitrile (PAN) 

fibers by electrospinning. Polymers for Advanced Technologies, 20(2), 147-150. 

Maensiri, S., Laokul, P., & Promarak, V. (2006). Synthesis and optical properties of 

nanocrystalline ZnO powders by a simple method using zinc acetate dihydrate and 

poly(vinyl pyrrolidone). Journal of Crystal Growth, 289(1), 102-106. 

Maensiri, S., Masingboon, C., Boonchom, B., & Seraphin, S. (2007). A simple route to 

synthesize nickel ferrite (NiFe2O4) nanoparticles using egg white. Scripta Materialia, 

56(9), 797-800. 

Meng, C., Liu, C., Chen, L., Hu, C., & Fan, S. (2010). Highly flexible and all-solid-state 

paperlike polymer supercapacitors. Nano Letters, 10(10), 4025-4031. 

Nair, R., Blake, P., Grigorenko, A., Novoselov, K., Booth, T., Stauber, T., Peres, N., & Geim, 

A. (2008). Fine structure constant defines visual transparency of graphene. Science, 

320(5881), 1308-1308. 

Novoselov, K., Jiang, D., Schedin, F., Booth, T., Khotkevich, V., Morozov, S., & Geim, A. 

(2005). Two-dimensional atomic crystals. Proc. Nat. Acad. Sci. U.S.A., 102(30), 

10451-10453. 

Novoselov, K. S., Geim, A. K., Morozov, S., Jiang, D., Zhang, Y., Dubonos, S., Grigorieva, 

I., & Firsov, A. (2004). Electric field effect in atomically thin carbon films. Science, 

306(5696), 666-669. 

Nyholm, L., Nyström, G., Mihranyan, A., & Strømme, M. (2011). Toward Flexible Polymer 

and Paper‐Based Energy Storage Devices. Advanced Materials, 23(33), 3751-3769. 

Park, S., & Im, S. (2008). Electrochemical behaviors of PAN/Ag-based carbon nanofibers by 

electrospinning. BULLETIN-KOREAN CHEMICAL SOCIETY, 29(4), 777. 

Park, S., & Kim, S. (2013). Effect of carbon blacks filler addition on electrochemical 

behaviors of Co3O4/graphene nanosheets as a supercapacitor electrodes. Electrochm. 

Act., 89(0), 516-522. 

Perera, S. D., Rudolph, M., Mariano, R. G., Nijem, N., Ferraris, J. P., Chabal, Y. J., & Balkus 

Jr, K. J. (2013). Manganese oxide nanorod–graphene/vanadium oxide nanowire–

graphene binder-free paper electrodes for metal oxide hybrid supercapacitors. Nano 

Ener., 2(5), 966-975. 

Portet, C., Taberna, P., Simon, P., & Laberty-Robert, C. (2004). Modification of Al current 

collector surface by sol–gel deposit for carbon–carbon supercapacitor applications. 

Electrochimica Acta, 49(6), 905-912. 

Ra, E. J., Raymundo-Piñero, E., Lee, Y. H., & Béguin, F. (2009). High power supercapacitors 

using polyacrylonitrile-based carbon nanofiber paper. Carbon, 47(13), 2984-2992. 

Rahaman, M., Ismail, A. F., & Mustafa, A. (2007). A review of heat treatment on 

polyacrylonitrile fiber. Polymer Degradation and Stability, 92(8), 1421-1432. 

Rahaman, M. S. A., Ismail, A. F., & Mustafa, A. (2007). A review of heat treatment on 

polyacrylonitrile fiber. Polymer Degradation and Stability, 92(8), 1421-1432. 

Rogers, J. A., Someya, T., & Huang, Y. (2010). Materials and mechanics for stretchable 

electronics. Science, 327(5973), 1603-1607. 

Sahoo, N. G., Jung, Y. C., So, H. H., & Cho, J. W. (2007). Polypyrrole coated carbon 

nanotubes: Synthesis, characterization, and enhanced electrical properties. Synthetic 

Metals, 157(8–9), 374-379. 

Sahoo, S., Dhibar, S., Hatui, G., Bhattacharya, P., & Das, C. K. (2013). Graphene/polypyrrole 

nanofiber nanocomposite as electrode material for electrochemical supercapacitor. 

Polymer, 54(3), 1033-1042. 

Sawangphruk, M., & Limtrakul, J. (2012). Effects of pore diameters on the pseudocapacitive 

property of three-dimensionally ordered macroporous manganese oxide electrodes. 

Materials Letters, 68(0), 230-233. 

Sawangphruk, M., Srimuk, P., Chiochan, P., Krittayavathananon, A., Luanwuthi, S., & 

Limtrakul, J. (2013). High-performance supercapacitor of manganese oxide/reduced 

graphene oxide nanocomposite coated on flexible carbon fiber paper. Carbon, 60(0), 

109-116. 



© C
OPYRIG

HT U
PM

98 

 

Seo, M. K., & Park, S. J. (2009). Electrochemical characteristics of activated carbon nanofiber 

electrodes for supercapacitors. Materials Science and Engineering: B, 164(2), 106-

111. 

Silva, R. F., & Zaniquelli, M. E. D. (2002). Morphology of nanometric size particulate 

aluminium-doped zinc oxide films. Colloids and Surfaces A: Physicochemical and 

Engineering Aspects, 198–200(0), 551-558. 

Stankovich, S., Dikin, D. A., Piner, R. D., Kohlhaas, K. A., Kleinhammes, A., Jia, Y., Wu, Y., 

Nguyen, S. T., & Ruoff, R. S. (2007). Synthesis of graphene-based nanosheets via 

chemical reduction of exfoliated graphite oxide. Carbon, 45(7), 1558-1565. 

Stoller, M. D., Park, S., Zhu, Y., An, J., & Ruoff, R. S. (2008). Graphene-Based 

Ultracapacitors. Nano Letters, 8(10), 3498-3502. 

Sum, T. C., & Mathews, N. (2014). Advancements in perovskite solar cells: photophysics 

behind the photovoltaics. Energy & Environmental Science, 7(8), 2518-2534. 

Sun, B., Long, Y. Z., Chen, Z. J., Liu, S. L., Zhang, H. D., Zhang, J. C., & Han, W. P. (2014). 

Recent advances in flexible and stretchable electronic devices via electrospinning. 

Journal of Materials Chemistry C, 2(7), 1209. 

Vidhyadharan, B., Zain, N. K. M., Misnon, I. I., Aziz, R. A., Ismail, J., Yusoff, M. M., & Jose, 

R. (2014). High performance supercapacitor electrodes from electrospun nickel oxide 

nanowires. J. Alloy. Comp., 610(0), 143-150. 

Wang, J., Gao, Z., Li, Z., Wang, B., Yan, Y., Liu, Q., Mann, T., Zhang, M., & Jiang, Z. (2011). 

Green synthesis of graphene nanosheets/ZnO composites and electrochemical 

properties. Journal of Solid State Chemistry, 184(6), 1421-1427. 

Wang, L., Yu, Y., Chen, P. C., Zhang, D. W., & Chen, C. H. (2008). Electrospinning synthesis 

of C/Fe3O4 composite nanofibers and their application for high performance lithium-

ion batteries. Journal of Power Sources, 183(2), 717-723. 

Wang, Q., Du, Y., Feng, Q., Huang, F., Lu, K., Liu, J., & Wei, Q. (2013). Nanostructures and 

surface nanomechanical properties of polyacrylonitrile/graphene oxide composite 

nanofibers by electrospinning. Journal of Applied Polymer Science, 128(2), 1152-

1157. 

Wang, X., Yang, C., & Liu, P. (2012). Facile decoration of polypyrrole nanoparticles onto 

graphene nanosheets for supercapacitors. Synthetic Metals, 162(24), 2349-2354. 

Wang, Y., Chen, J., Cao, J., Liu, Y., Zhou, Y., Ouyang, J.-H., & Jia, D. (2014). 

Graphene/carbon black hybrid film for flexible and high rate performance 

supercapacitor. J. Pow. Sourc., 271(0), 269-277. 

Winter, M., & Brodd, R. J. (2004). What are batteries, fuel cells, and supercapacitors? 

Chemical Reviews, 104(10), 4245-4270. 

Wu, Q., Xu, Y., Yao, Z., Liu, A., & Shi, G. (2010). Supercapacitors Based on Flexible 

Graphene/Polyaniline Nanofiber Composite Films. ACS Nano, 4(4), 1963-1970. 

Wu, Z.-S., Zhou, G., Yin, L.-C., Ren, W., Li, F., & Cheng, H.-M. (2012). Graphene/metal 

oxide composite electrode materials for energy storage. Nano Energy, 1(1), 107-131. 

Xie, J., Sun, X., Zhang, N., Xu, K., Zhou, M., & Xie, Y. (2013). Layer-by-layer β-

Ni(OH)2/graphene nanohybrids for ultraflexible all-solid-state thin-film 

supercapacitors with high electrochemical performance. Nano Ener., 2(1), 65-74. 

Xie, Y., Liu, Y., Zhao, Y., Tsang, Y. H., Lau, S. P., Huang, H., & Chai, Y. (2014). Stretchable 

all-solid-state supercapacitor with wavy shaped polyaniline/graphene electrode. J. 

Mater. Chem. A, 2(24), 9142-9149. 

Xu, C., Lee, J.-H., Lee, J.-C., Kim, B.-S., Hwang, S. W., & Whang, D. (2011). 

Electrochemical growth of vertically aligned ZnO nanorod arrays on oxidized bi-layer 

graphene electrode. Cryst Eng Comm, 13(20), 6036-6039. 

Xu, S., & Wang, Z. (2011). One-dimensional ZnO nanostructures: Solution growth and 

functional properties. Nano Research, 4(11), 1013-1098. 

Xu, S., & Wang, Z. L. (2011). One-dimensional ZnO nanostructures: solution growth and 

functional properties. Nano Research, 4(11), 1013-1098. 



© C
OPYRIG

HT U
PM

99 

 

Xu, X., Li, S., Zhang, H., Shen, Y., Zakeeruddin, S. M., Graetzel, M., Cheng, Y.-B., & Wang, 

M. (2015). A Power Pack Based on Organometallic Perovskite Solar Cell and 

Supercapacitor. ACS Nano, 9(2), 1782-1787. 

Xu, Y., Lin, Z., Huang, X., Liu, Y., Huang, Y., & Duan, X. (2013). Flexible Solid-State 

Supercapacitors Based on Three-Dimensional Graphene Hydrogel Films. ACS Nano, 

7(5), 4042-4049. 

Yan, J., Fan, Z., Wei, T., Qian, W., Zhang, M., & Wei, F. (2010). Fast and reversible surface 

redox reaction of graphene–MnO2 composites as supercapacitor electrodes. Carbon, 

48(13), 3825-3833. 

Yang, C., Shen, J., Wang, C., Fei, H., Bao, H., & Wang, G. (2014). All-solid-state asymmetric 

supercapacitor based on reduced graphene oxide/carbon nanotube and carbon fiber 

paper/polypyrrole electrodes. J. Mater. Chem. A, 2(5), 1458-1464. 

Yang, X., Shao, C., Guan, H., Li, X., & Gong, J. (2004). Preparation and characterization of 

ZnO nanofibers by using electrospun PVA/zinc acetate composite fiber as precursor. 

Inorganic Chemistry Communications, 7(2), 176-178. 

Yoo, J. J., Balakrishnan, K., Huang, J., Meunier, V., Sumpter, B. G., Srivastava, A., Conway, 

M., Mohana Reddy, A. L., Yu, J., Vajtai, R., & Ajayan, P. M. (2011). Ultrathin Planar 

Graphene Supercapacitors. Nano Letters, 11(4), 1423-1427. 

Yu, A., Su, C.-C. L., Roes, I., Fan, B., & Haddon, R. C. (2009). Gram-scale preparation of 

surfactant-free, carboxylic acid groups functionalized, individual single-walled 

carbon nanotubes in aqueous solution. Langmuir, 26(2), 1221-1225. 

Zhang, D., Karki, A. B., Rutman, D., Young, D. P., Wang, A., Cocke, D., Ho, T. H., & Guo, 

Z. (2009). Electrospun polyacrylonitrile nanocomposite fibers reinforced with Fe3O4 

nanoparticles: Fabrication and property analysis. Polymer, 50(17), 4189-4198. 

Zhang, D., Yan, H., Lu, Y., Qiu, K., Wang, C., Tang, C., Zhang, Y., Cheng, C., & Luo, Y. 

(2014). Hierarchical mesoporous nickel cobaltite nanoneedle/carbon cloth arrays as 

superior flexible electrodes for supercapacitors. Nanoscale Res. Lett., 9(1), 139. 

Zhang, L. L., Zhao, S., Tian, X. N., & Zhao, X. S. (2010). Layered Graphene Oxide 

Nanostructures with Sandwiched Conducting Polymers as Supercapacitor Electrodes. 

Langmuir, 26(22), 17624-17628. 

Zhang, Q., Li, Y., Feng, Y., & Feng, W. (2013). Electropolymerization of graphene 

oxide/polyaniline composite for high-performance supercapacitor. Electrochm. Act., 

90(0), 95-100. 

Zhang, Y., Li, H., Pan, L., Lu, T., & Sun, Z. (2009). Capacitive behavior of graphene–ZnO 

composite film for supercapacitors. Journal of Electroanalytical Chemistry, 634(1), 

68-71. 

Zhang, Y., Sun, X., Pan, L., Li, H., Sun, Z., Sun, C., & Tay, B. K. (2009). Carbon nanotube–

zinc oxide electrode and gel polymer electrolyte for electrochemical supercapacitors. 

J. Alloy. Comp., 480(2), L17-L19. 

Zhi, J., Zhao, W., Liu, X., Chen, A., Liu, Z., & Huang, F. (2014). Highly Conductive Ordered 

Mesoporous Carbon Based Electrodes Decorated by 3D Graphene and 1D Silver 

Nanowire for Flexible Supercapacitor. Advanced Functional Materials, 24(14), 2013-

2019. 

Zhi, M., Manivannan, A., Meng, F., & Wu, N. (2012). Highly conductive electrospun carbon 

nanofiber/MnO2 coaxial nano-cables for high energy and power density 

supercapacitors. Journal of Power Sources, 208, 345-353. 

Zhou, S., Zhang, H., Zhao, Q., Wang, X., Li, J., & Wang, F. (2013). Graphene-wrapped 

polyaniline nanofibers as electrode materials for organic supercapacitors. Carbon, 

52(0), 440-450. 

Zhou, Z., Wu, X.-F., & Hou, H. (2014). Electrospun carbon nanofibers surface-grown with 

carbon nanotubes and polyaniline for use as high-performance electrode materials of 

supercapacitors. RSC Adv., 4(45), 23622-23629. 

Zhou, Z. P., & Wu, X. F. (2013). Graphene-beaded carbon nanofibers for use in supercapacitor 

electrodes: Synthesis and electrochemical characterization. Journal of Power Sources, 

222(0), 410-416. 



© C
OPYRIG

HT U
PM

100 

 

Zhu, C., Zhai, J., Wen, D., & Dong, S. (2012). Graphene oxide/polypyrrole nanocomposites: 

one-step electrochemical doping, coating and synergistic effect for energy storage. 

Journal of Materials Chemistry, 22(13), 6300-6306. 

Zhu, Y.-P., Ma, T.-Y., Ren, T.-Z., Li, J., Du, G.-H., & Yuan, Z.-Y. (2014). Highly dispersed 

photoactive zinc oxide nanoparticles on mesoporous phosphonated titania hybrid. 

Applied Catalysis B: Environmental, 156–157, 44-52. 

Zilong, W., Zhu, Z., Qiu, J., & Yang, S. (2014). High performance flexible solid-state 

asymmetric supercapacitors from MnO2/ZnO core-shell nanorods/specially reduced 

graphene oxide. J. Mater. Chem. C, 2(7), 1331-1336. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



