
 

 

Semiconducting Nanoparticles/PVDF 

Nanocomposites with High Dielectric strength 

for Capacitive Energy Storage 
 

 

 

Thesis Submitted in Partial Fulfillment for the 

Award of Degree 

 

Doctor of Philosophy 
 

 

 
By 

 

Vishwa Pratap Singh  
 

 

SCHOOL OF MATERIALS SCIENCE & TECHNOLOGY 

INDIAN INSTITUTE OF TECHNOLOGY  

(BANARAS HINDU UNIVERSITY) 

VARANASI – 221005 

INDIA                                                                                                                                                                                   
 

   

 

    Roll No. 17031505                                                                                           2022 

 

 

 



 

 

 
 
 
 
 
 
 
 
 



 

 

 
Dedicated 

To 
My Family and 

mentors 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ACKNOWLEDGMENTS 

 

Fore mostly, I would like to express my deep sense of gratitude to my supervisor Dr. 

Akhilesh Kumar Singh, Associate Professor, School of Materials Science & Technology, 

IIT(B.H.U.), Varanasi for his constant guidance and kind encouragement during PhD journey. 

I owe my entire work to him for his selfless support not only in academic but also his emotional 

support that he gave me during the difficult times. I have learned lots of things from him, such 

as how to think about things and most importantly to focus on the quality of work and not on 

the quantity. He is a pure cultivator of cutting-edge science and technology. I would like to 

thank him for everything and particularly for being my supervisor. I sincerely acknowledge his 

support during all sorts of hurdles in the execution of my thesis work as well as the personal 

difficulties. Further, I would like to thank Dr. Akansha Dwivedi, Assistant Professor, Ceramic 

Engineering IIT (BHU) for her support and guidance during my starting phase of the Ph.D.  

and continuous support.  

 I would also like to thank the faculty members of the School, Prof. Dhananjay Pandey, 

Prof. Rajiv Prakash, Prof. Pralay Maiti, Dr. Chandana Rath, Dr. Chandan Upadhyay, Dr. B. N. 

Pal, Dr. A. K. Mishra, Dr. S. K.  Mishra, Dr. Sanjay Singh, Dr. Nikhil Kumar and Dr. Ravi 

Panwar for discussion during seminars and coursework studies. I am sincerely thankful to my 

RPEC members Dr. Ashutosh Dubey (Ceramic Engineering, IIT-BHU) and Dr. Sanjay Singh 

for their decent support, encouragement and guidance.  

 I would like to thank Dr. J. C Pandey, Assistant Professor, Department of Electrical 

Engineering, IIT-BHU, Varanasi and Dr. Tanmoy Maiti, Associate Professor, Material Science 

and Engineering, IIT Kanpur for providing descent support and encouragement.  

 I take this opportunity to express my heartfelt thanks to my seniors Dr. Prem Prakash 

(Ceramic Engineering, IIT BHU), Dr. Chandrabhal Singh, Dr. Dinesh Kumar for their technical 

support, emotional support and encouragement time to time whenever I required.  

 I would like to thank my labmates Dr. Vijyeta Pal, Mr. Ankit Dwivedi, Mr. Pragyan 

Prajapati, Mrs. Krishna Prajapati, Ms. Pooja Sonkar, Ms. Srishti Paliwal, Ms. Deep Mala, Mr. 

Prosun Mondal, Ms. Sadhana, Mr. Praveen and Mr. Jaikishan Pratap all belonging to SMST, 

IIT-BHU, Varanasi for providing their words of inspiration and encouragement. 

 I gratefully acknowledge CIF, IIT(BHU), Varanasi for providing various instrumental 

facilities. 



 

 

 I am also thankful to all, to whom I could not mention here who helped me directly or 

indirectly throughout the work. I am thankful to all non-teaching staff of the school for their 

cooperation at all levels. 

 I would like to thank my brotherly friend Mr. Satyendra Kumar Satyarthi for his support 

in everyday life. I am thankful to my best friend Mr. Abhay Kumar for his support in work life 

balance and encouragement in everyday life.  

 I express my indebtedness to my parents (Mr. Sodan Singh and Mrs. Dhan Devi) and 

grandparents for their love, affection, trust and support during every moment in my life. I would 

like to thank my maternal uncle and aunty for their support, trust and love. I would like to 

express my heartfelt appreciation to my life partner Ms. Sunita Payal for her emotional support, 

love, sacrifice and patience during my Ph. D time. I am especially indebted to my brothers and 

sisters whose love has contributed enormously to my strength and faith.  

 I am also thankful to all, to whom I could not mention here who helped me directly or 

indirectly throughout the work. I am thankful to all non-teaching staff of the 

School for their cooperation at all levels. 

 I take great pleasure in conveying my indebtedness to IIT-BHU, Varanasi and MHRD 

for granting me Institute Fellowship and providing all the facilities of the Departments/ 

Schools/Centres to accomplish this research work.  

I gratefully acknowledge the Indian Institute of Technology (Banaras Hindu 

University), Varanasi for providing me the necessary funding and fellowship to pursue research 

work.  

 

 Varanasi                                                                                                    (Vishwa Pratap Singh) 

 

 

 

 

 

 

 



 

 

“Nothing in life is to be feared, it is only to be understood. Now is 

the time to understand more, so that we may fear less.”  Marie Curie 

“Electric power is everywhere present in unlimited quantities and 

can drive the world’s machinery without the need of coal, oil, gas 

or any other of the common fuels.” Nikola Tesla 

 



 

 

 



 

xv 

 

 

CONTENTS                                                                              Page No.     

LIST OF FIGURES .......................................................................................................................... xviii 

LIST OF TABLES ........................................................................................................................... xxvii 

LIST OF SYMBOLS & ABBREVIATIONS .................................................................................. xxix 

PREFACE ......................................................................................................................................... xxxii 

Chapter 1: Introduction and literature review .................................................................................. 1 

1.1 Dielectric and Ferroelectric materials ................................................................................. 2 

1.1.1 Space charge (Interfacial) Polarization ....................................................................... 4 

1.1.2 Dipolar polarization ...................................................................................................... 5 

1.1.3 Ionic polarization .......................................................................................................... 6 

1.1.4 Electronic polarization ................................................................................................. 6 

1.2 Electrical energy storage .................................................................................................... 10 

1.3 PVDF(Homopolymer) and Its Ferroelectricity ................................................................ 11 

1.4 Percolation threshold and interface phenomena .............................................................. 14 

1.5 Breakdown Strength of dielectric materials ..................................................................... 19 

1.6 Enhancing the dielectric properties and energy density of PVDF .................................. 22 

1.6.1 Modifying the defects .................................................................................................. 22 

1.6.2 Blending and grafting the polymers .......................................................................... 22 

1.6.3 Using different filler to synthesize the PVDF based Nanocomposite ..................... 24 

1.7 Application of PVDF based Nanocomposite films ........................................................... 40 

1.8 Motivation of the thesis....................................................................................................... 41 

1.9 Objective of the present work ............................................................................................ 42 

Chapter 2: Experimental (material and methods) and Characterization Techniques ................. 44 

2.1 Introduction ......................................................................................................................... 44 

2.2 Materials and Methods ....................................................................................................... 45 

2.2.1 Precursor ..................................................................................................................... 45 

2.2.2 Synthesis of nanofiller ................................................................................................. 46 

2.2.3 Synthesis of Polymer nanocomposite via solution cast method .............................. 49 

2.3 Characterization techniques .............................................................................................. 50 

2.3.1 Powder X-ray diffraction (XRD) ............................................................................... 50 

2.3.2 Differential Scanning Calorimetry (DSC) ................................................................ 51 

2.3.3 X-ray photoelectron spectroscopy (XPS) .................................................................. 52 

2.3.4 Photoluminescence spectroscopy ............................................................................... 54 

2.3.5 Scanning Electron Microscopy .................................................................................. 56 



 

xvi 

 

2.3.6 Transmission Electron Microscopy ........................................................................... 58 

2.3.7 UV- Visible spectroscopy ............................................................................................ 60 

2.3.8 Atomic Force Microscopy .......................................................................................... 61 

2.3.9 Impedance Spectroscopy ............................................................................................ 62 

2.3.10 Polarization-Electric field hysteresis loop characterization .................................... 64 

2.3.11 AC Test set up ............................................................................................................. 65 

Chapter 3: Enhancing the energy storage capacity of PVDF-based nanocomposite with the help 

of hydroxylated V2O5 as filler ............................................................................................................ 67 

3.1 Introduction ......................................................................................................................... 67 

3.2 Synthesis of Hy-V2O5, PVDF/ Hy-V2O5 nanocomposite films ......................................... 68 

3.3 Results and discussion ........................................................................................................ 69 

3.3.1 UV-Visible spectra and Tauc’s plot of Hy-V2O5 ...................................................... 69 

3.3.2 X-Ray diffraction pattern analysis ............................................................................ 70 

3.3.3 Fourier-transform infrared spectroscopy (FTIR) Analysis and ............................. 71 

3.3.4 X-ray photoelectron spectroscopy (XPS) analysis.................................................... 73 

3.3.5 Thermal Analysis using DSC-TGA ........................................................................... 74 

3.3.6 AFM micrograph analysis and roughness of film .................................................... 76 

3.3.7 Morphological analysis ............................................................................................... 79 

3.3.8 Dielectric properties .................................................................................................... 80 

3.3.9 Ferroelectric P-E loop analysis .................................................................................. 82 

3.3.10 Breakdown strength and energy density using Weibull analysis ........................... 83 

3.3.11 Energy density and discharge efficiency from P-E loop .......................................... 86 

3.4 Theoretical analysis of percolation and interface thickness. ........................................... 89 

3.5 Conclusions .......................................................................................................................... 90 

Chapter 4: Poly (vinylidene fluoride)/Nitrogen doped carbon dots nanocomposite film with 

improved storage properties for high energy density applications ................................................ 92 

6.1 Introduction ......................................................................................................................... 92 

6.2 Experimental ....................................................................................................................... 93 

6.2.1 Synthesis of Nitrogen doped Carbon dots (N-CDs) ................................................. 93 

6.2.2 Synthesis of PVDF/N-CDs nanocomposite films ...................................................... 94 

6.3 Result and Discussion ......................................................................................................... 95 

6.3.1 Characterization of N-CDs ......................................................................................... 95 

6.3.2 Structural analysis PVDF/N-CDs with XRD, FTIR and DSC ................................ 97 

6.3.3 XPS Analysis of the PVDF/N-CDs Films ................................................................ 102 

6.3.4 AFM Micrographs analysis ...................................................................................... 104 

6.3.5 Morphological analysis ............................................................................................. 106 

6.3.6 Dielectric properties of PVDF/N-CDs nanocomposite films ................................. 108 



 

xvii 

 

6.3.7 Breakdown strength, P-E Hysteresis Loop and energy storage density .............. 113 

6.4 Theoretical analysis of percolation and interface thickness .......................................... 120 

6.5 Conclusions ........................................................................................................................ 121 

Chapter 5: Poly (vinylidene fluoride)/ hydrated antimony pentoxide (HAP) nanocomposite films 

for the application in high energy density storage supercapacitors ............................................. 122 

5.1 Introduction ....................................................................................................................... 122 

5.2 Experimental ..................................................................................................................... 123 

5.2.1 Synthesis of Hydrated antimony pentoxide (HAP) ................................................ 123 

5.2.2 Synthesis of PVDF/HAP nanocomposite films ....................................................... 123 

5.3 Results and Discussion ...................................................................................................... 124 

5.3.1 Characterization of filler Hydrated Antimony Pentoxide (HAP) ......................... 124 

5.3.2 Structural analysis of PVDF/HAP nanocomposite films ....................................... 126 

5.3.3 X-ray photoelectron spectroscopy (XPS) analysis.................................................. 129 

5.3.4 Morphological analysis of PVDF/HAP nanocomposite films ................................ 131 

5.3.5 Dielectric and ferroelectric properties of PVDF/ HAP nanocomposite films ...... 132 

5.3.6 Breakdown strength, Energy density and Energy discharge efficiency of 

PVDF/HAP nanocomposite films ............................................................................................ 137 

5.4 Conclusion ......................................................................................................................... 139 

Chapter 6: H2O2 Hydroxylated rare earth ferrites (LaFeO3 and GdFeO3) Nanofillers in Poly 

(Vinylidene Fluoride) based Nanocomposite Films ....................................................................... 141 

8.1 Introduction ....................................................................................................................... 141 

8.2 Experimental ..................................................................................................................... 142 

8.2.1 GdFeO3, LaFeO3 Nanoparticles Synthesis and Hydroxylation ............................. 142 

8.2.2 Synthesis of Nanocomposite Film ............................................................................ 142 

8.3 Results and discussion ...................................................................................................... 143 

8.3.1 Structural Analysis ................................................................................................... 144 

8.3.2 Morphological Analysis ............................................................................................ 147 

8.3.3 Dielectric and Ferroelectric Properties ................................................................... 149 

8.4 Conclusions ........................................................................................................................ 159 

Chapter 7: Summery and suggestions for future ........................................................................... 161 

9.1 Conclusion ......................................................................................................................... 161 

9.2 Suggestion for the future work ........................................................................................ 164 

Reference ........................................................................................................................................... 166 

List of Publications ........................................................................................................................... 184 

List of Indian Patents ........................................................................................................................ 184 

List of Conferences/Workshops/Seminars/Symposiums Attended .............................................. 185 

 



 

xviii 

 

LIST OF FIGURES                                             

Figure No. Captions 

 

Page No. 

Chapter 1 Introduction and literature review 

 

1 

Figure 1.1 Categorization of the storage device according to energy and 

power. 

 

3 

Figure 1.2 Schematic diagram of space charge polarization in a capacitor. 

 

5 

Figure 1.3 Schematic diagram of the aligned dipole and non-aligned 

dipoles as the field application. 

 

6 

Figure 1.4 Schematic diagram of Ionic polarization at the applied field. 

 

7 

Figure 1.5 Showing the shifting of the charge on the application of the 

field. 

 

8 

Figure 1.6 Types of polarization varying with time and frequency. 

 

9 

Figure 1.7 Schematic diagram showing the shifting of the cation of the 

perovskite structure below the curie temperature. 

 

10 

Figure 1.8 Different type of materials under the Polarization and electric 

field characterization. 

 

10 

Figure 1.9 (a) Showing the Energy stored and energy lost. 

 

12 

Figure 1.10 (a) PVDF with different phase and (b) Process of the 

transformation of the phases of the PVDF. 

 

13 

Figure 1.11 Dominating phases of PVDF with their characteristics 

 

13 

Figure 1.12 (a) XRD, (b)FTIR and (c) DSC plots of the different phases of 

the PVDF. 

 

14 

Figure 1.13 Schematic diagram showing the percolation process. 

 

15 

Figure 1.14 Schematic diagram of the interface and dual layers. 

 

16 

Figure 1.15 Diagram showing the interface and inter-filler distance with 

dielectric constant variation 

19 



 

xix 

 

 

Figure1.16 Showing the tradeoff between filler content in PVDF matric 

with Debye length and inter-filler distance. 

 

20 

Figure 1.17 plot for the Weibull distribution. 

 

21 

Figure 1.18 Classification of the PVDF based Nanocomposites 

 

25 

Figure 1.19 (a) PE loop, (b) Dielectric constant, (c) Polarization variation, 

(d) Loss of the BaTiO3/PVDF with the size of the filler 

particles. 

 

26 

Figure 1.20 (a) Dielectric constant, (b) Loss, (c) PE loop, (d) Breakdown, 

of the PVP modified ST NP/PVDF and ST NP/PVDF with the 

size of the filler particles. 

. 

28 

Figure 1.21 (a) PE loop, (b) Dielectric constant, (c) Polarization variation, 

(d) Loss of the BaTiO3/PVDF with the size of the filler 

particles. 

 

29 

Figure 1.22 (a) Breakdown Strength, (b) PE Loop, (c) Discharged Energy 

density, (d) discharged energy density of the TiO3@Sr 

TiO3@PDA/PVDF 

 

31 

Figure 1.23 (a) XRD of the NBT-NFs and PVDF, (b)Weibull analysis, (c) 

PE Loop, (d) Discharged Energy density, (e) discharged energy 

density (f) Breakdown strength variation of the NBT-NF/PVDF 

 

33 

Figure 1.24 (a) XRD pattern, (b) FTIR analysis (c) Dielectric constant, (d) 

PE loop (e) Discharged Energy density of the BiFeO3/PVDF 

 

36 

Figure 1.25 Dielectric constant of The TiC/PVDF (Inset) dielectric loss of 

the TiC/PVDF. 

 

37 

Figure 1.26 (a) Dielectric constant of the CCTO (solid solution)/PVDF, (b) 

Dielectric constant of the CCTO (Oxalate precursor)/PVDF 

and (c) Dielectric loss of the CCTO(Oxalate precursor)/PVDF 

, (d)Theoretical model fitting 

 

38 

Figure 1.27 (a) Dielectric constant, (b) dielectric loss of PVDF and CFO 

reinforced PVDF.  (c) Dielectric constant and (d) dielectric loss 

of 20%CFO-1%GQD reinforced in PVDF composite with 

39 



 

xx 

 

frequency. (e) Dielectric constant and (f) dielectric loss of GQD 

reinforced in PVDF composites 

 

Figure 1.28 (a) Dielectric Constant, (b) Dielectric loss, (c) P-E loop, (d) 

Energy density of PVDF and Nanocomposite films. 

 

41 

Figure 1.29 Application of the PVDF based Nanocomposite. 

 

42 

Chapter 2 Experimental and Characterization Techniques 

 

38 

Figure 2.1 Schematic of the solvothermal process 

 

41 

Figure 2.2 Schematic diagram of the mechanism inside the high energy 

ball mill 

 

42 

Figure 2.3 Schematic diagram of the hydroxylation of nanoparticles 

 

43 

Figure 2.4 Solution cast method of the nanocomposite film 

 

44 

Figure 2.5 Bragg's law for X-Ray diffraction schematic and diagram of the 

instrument. 

 

45 

Figure 2.6 X-Ray diffraction of the PVDF and it’s nanocomposite. 46 

Figure 2.6 (a) DSC Graph and (a)Instrument. 

 

47 

Figure 2.7 (a) Schematic diagram of mechanism of XPS, (b) XPS 

Instrument, (c) XPS Survey of PVDF/HAP. 

 

49 

Figure 2.8 (a) Schematic of photoluminescence spectroscopy, (b) 

instrument diagram and (c) output data. 

 

50 

Figure 2.9 (a) Ray diagram for SEM with (b) image of the EVO - Scanning 

Electron 

 

51 

Figure 2.9 (a) Ray diagram for SEM with (b) image of the EVO - Scanning 

Electron 

 

52 

Figure 2.10 Schematic diagram of TEM 53 

Figure 2.11 (a) Schematic diagram of HR-TEM, (b) HR-TEM image of N-

CDs. 

 

54 

Figure 2.12 (a) Schematic diagram of UV-Visible spectroscopy, (b) PL 

instrument and (c) data plot of UV-Vis. 

55 



 

xxi 

 

 

Figure 2.12 (a) Schematic diagram of AFM, (b) Instruments and (c) 3D 

micrograph of AFM. 

 

56 

Figure 2.13 (a) Basic circuit diagram of Impedance spectroscopy, (b) 

Keysight instrument image and (c) Dielectric constant and 

temperature plot of the sample. 

 

58 

Figure 2.14 (a) Schematic Sawyer-Tower circuit for measurement of 

ferroelectric polarization, (b) The Radiant PE loop analyzer 

 

59 

Figure 2.15 (a) Image of Instrument AC Test set up, (b) Punctured sample 

after breakdown 

 

61 

Chapter 3 Enhancing the energy storage capacity of PVDF-based 

nanocomposite with the help of hydroxylated V2O5 as 

filler. 

 

63 

Figure 3.1 The scheme of preparation of thick film of PVDF and 

PVDF/Hy-V2O5 composites. 

 

65 

Figure 3.2 (a) UV-Vis spectra, band gap for (b) direct forbidden and (c) 

indirect allowed transition, using Tauc’s plot for Hydroxylated 

V2O5. 

 

66 

Figure 3.3 XRD patterns of neat PVDF film and PVDF/Hy- V2O5 

nanocomposites thick films. 

 

67 

Figure 3.4 FTIR Spectra of (a) Hy- V2O5, (b) Pure PVDF and its 

nanocomposites with different filler volume percentage. 

 

69 

Figure 3.5 (a) XPS survey of PVDF, PVDF/Hy- V2O5 (5%), (b) V2p3/2 

and V2p1/2, (c) F1s of PVDF, PVDF/Hy- V2O5 (5%), (d) C1s 

component of XPS spectra of PVDF, PVDF/Hy- V2O5 (5%). 

 

70 

Figure 3.6 (a) DSC of pure PVDF and all compositions of PVDF/Hy- 

V2O5 (b) TGA thermograph of PVDF/Hy- V2O5 (5%). 

 

72 

Figure 3.7 (a) AFM micrograph (10x10μm) of Pure PVDF, (b) 3D AFM 

micrographs (10x10μm) of Pure PVDF, (c) AFM micrograph 

(10x10μm) of PVDF/Hy- V2O5 (5%) and (d) 3D AFM 

micrographs (10x10μm) of PVDF/Hy- V2O5 (5%). 

 

74 



 

xxii 

 

Figure 3. Roughness profile of (a) pure PVDF, (b) PVDF/Hy- V2O5 

(5%). Hann Windowing of AFM micrograph for (c) pure PVDF 

and (d) PVDF/Hy- V2O5 (5%). (e) Isotropic 2D PSD Plot of 

PVDF and PVDF/Hy- V2O5 (5%). 

 

74 

Figure 3.8 SEM micro-topographies of (a) Hy-V2O5 nanoparticles, (b) 

Histogram of the particle sizes of Hy-V2O5 (c) pure PVDF, (d) 

PVDF/Hy- V2O5 (1%), (e) PVDF/Hy-V2O5 (3%), (f) 

PVDF/Hy- V2O5 (5%), (g) Cross section of the nanocomposite 

film (PVDF/Hy- V2O5 (5%)), (h) Zoomed area of cross section 

of nanocomposite film. 

 

74 

Figure 3.9 SEM micro-topographies of (a) Hy- V2O5 nanoparticles, (b) 

Histogram of the particle sizes of Hy- V2O5 (c) pure PVDF, (d) 

PVDF/Hy- V2O5 (1%), (e) PVDF/Hy- V2O5 (3%), (f) 

PVDF/Hy- V2O5 (5%), (g) Cross section of the nanocomposite 

film (PVDF/Hy- V2O5 (5%), (h) Zoomed area of cross section 

of nanocomposite film. 

 

76 

Figure 3.10 Dependence of dielectric constant and dielectric loss on 

frequency (a), (b); and temperature (c), (d) for pure PVDF and 

PVDF/Hy-V2O5 nanocomposite films with different 

compositions. 

 

78 

Figure 3.11 Schematic diagram of dipoles under applied field for (a) pure 

PVDF film, (b) PVDF/Hy- V2O5 film and (c) Ferroelectric P-E 

loops of PVDF and PVDF/Hy- V2O5 nanocomposite films with 

different compositions at 1000kV/cm, 10Hz frequency 

 

79 

Figure 3.12 (a) Plot of Weibull distribution function parameters and (b) 

Energy density and Breakdown strength (Eb) of PVDF and 

PVDF/Hy-V2O5 films with different compositions. 

 

81 

Figure 3.13 (a) Discharged energy density (Ud) (b) Schematic diagram for 

calculation of Energy storage efficiency. 

 

82 

Figure 3.14 (a) Schematic and 2D simulation of Nanocomposite, (b) 

Electric displacement field, (c) Electric field, (d) Energy 

density and (e) Space charge density. 

 

84 

Figure 3.14 (a) Schematic and 2D simulation of Nanocomposite, (b) 

Electric displacement field, (c) Electric field, (d) Energy 

density and (e) Space charge density. 

85 



 

xxiii 

 

 

Chapter 4 Poly (vinylidene fluoride)/Nitrogen doped carbon dots 

nanocomposite film with improved storage properties for 

high energy density applications 

 

87 

Figure 4.1 (a) Schematic diagram for synthesis of Nitrogen doped carbon 

dots. 

 

89 

Figure 4.1 Schematic diagram for synthesis of PVDF/N-CDs 

nanocomposite films. 

 

90 

Figure 4.2 (a) HR-TEM images of N-CDs, (b) Showing the particle 

distribution of N-CDs, (c) XRD Pattern and (d) FTIR spectrum. 

 

91 

Figure 4.3 (a) UV-Vis spectrum, PL Spectra of N-CDs excited at a 

wavelength of 375nm, (b) Tauc plot ((αhʋ)2 vs hʋ). 

 

92 

Figure 4.4 (a) XRD, (b) FTIR, patterns of the of pure PVDF and PNC 

Nanocomposite  

 

94 

Figure 4.5 DSC Analysis of pure PVDF and Its nanocomposite films 

 

96 

Figure 4. 6 Schematic diagram of interaction between the PVDF matrix 

and loaded N-CDs filler. 

 

97 

Figure 4.7 (a) XPS Survey of PVDF and PNC, (b) N1s of PNC (1%), (c) 

F1s of the PVDF and PNC (1%) and (d) C1s of the PVDF and 

PNC. 

 

98 

Figure 4.8 Roughness profile of (a) pure PVDF, (b) PNC (1%), Isotropic 

2D PSD Plot and Hann Windowing of AFM micrograph of (c) 

pure PVDF and PNC (1%), Surface image AFM of (d) PVDF 

and (e) PNC (1%). 

 

100 

Figure 4.9 FE-SEM micrographs of (a)PVDF/N-CDs (0.3%), (b) 

PVDF/N-CDs (0.3%), (c) PVDF/N-CDs (0.5%), (d) PVDF/N-

CDs (1%), (e)Element mapping showing the presence of N-

CDs 

 

101 

Figure 4.10 (a) Dielectric constant vs temperature, (b) loss vs temperature, 

(c) dielectric constant vs frequency, (d) loss vs frequency of 

nanocomposite films. 

 

102 



 

xxiv 

 

Figure 4.11 Temperature dependence of dielectric constant for (a) PVDF, 

(b) PNC (0.3%), (c) PNC (0.5%), (d) PNC (1.0%) films 

measured at various frequencies. 

 

104 

Figure 4.12 Temperature dependence of dielectric loss for (e) PVDF, (f) 

PNC (0.3%), (g) PNC (0.5%) and (h) PNC (1.0%) films 

measured at various frequencies. 

 

105 

Figure 4.13 AC conductivity for the nanocomposite films with varying (a) 

Temperature, (b) frequency. 

 

106 

Figure 4.14 (a) Electrical breakdown strength using Weibull analysis, (b) 

Sample image after breakdown showing puncture. 

 

107 

Figure 4.15 (a) P-E loop at 25Hz and (b) Discharge energy density and 

discharge energy efficiency for pure PVDF and nanocomposite 

films. 

 

108 

Figure 4.16 (a) Schematic diagram of dielectric constant measurement of 

N-CDs, (b) 2D Schematic of PVDF/N-CDs film, (c) Current 

density norm, (d) Polarization and (e) Electric field. 

 

111 

Figure 4.16 Hysteresis loop of PVDF/N-CDs (2wt%) at 10Hz. 

 

113 

Chapter 5 Poly (vinylidene fluoride)/ hydrated antimony pentoxide 

(HAP) nanocomposite films for the application in high 

energy density storage supercapacitors 

 

114 

Figure 5.1 Schematic diagram of synthesis process of PVDF/HAP 

nanocomposite. 

 

116 

Figure 5.2 (a) X-Ray diffraction pattern, (b) FTIR spectra pattern (C) UV-

Vis and Tauc’s plot (inset), (d) HR-SEM image and 

histogram(inset), of HAP. 

 

117 

Figure 5.3 (a) X-Ray diffraction pattern, (b) FTIR Spectra pure, PVDF and 

PVDF/HAP nanocomposite films 

 

119 

Figure 5.4. DSC analysis of pure PVDF and PVDF/HAP nanocomposite 

films. 

 

120 

Figure 5.5 (a) XPS survey of the PVDH/HAP (8%), Zooming out the peak 

of (b) Sb, (c) F1s (d) C1s. 

121 



 

xxv 

 

 

Figure 5.6 FESEM image of (a) pure PVDF Film, (b) PVDF/HAP (2%), 

(c) PVDF/ HAP (5%), (d) PVDF/ HAP (8%), (e) PVDF/ HAP 

(11%) and (f) Elemental mapping images of PVDF/ HAP (8%) 

with elements. 

 

123 

Figure 5.7 (a) Dielectric constant vs temperature, (b) Dielectric loss vs 

temperature, (c) Dielectric constant vs frequency and (d) 

Dielectric loss vs frequency, of all compositions. 

 

125 

Figure 5.8 The AC conductivity of the pure PVDF and nanocomposite 

films. 

 

126 

Figure 5.9 P-E hysteresis loop of all compositions 

 

127 

Figure 5.10. Weibull distribution of all composition. 

 

129 

Figure 5.12 Discharged energy density and discharge energy efficiency of 

PVDF, PVDF/HAP nanocomposites as function of applied 

field at 1400kV/cm. 

 

130 

Chapter 6 H2O2 Hydroxylated rare earth ferrites (LaFeO3 and 

GdFeO3) Nanofillers in Poly (Vinylidene Fluoride) based 

Nanocomposite Films 

 

131 

Figure 6.1 Synthesis of PVDF/Hy-GdFO and PVDF/Hy-LFO 

nanocomposite films. 

 

135 

Figure 6.2 Schematic representation of PVDF-Filler bonding with the help 

of -OH. 

 

136 

Figure 6.3 XRD patterns of PVDF, GdFeO3 (GdFO), PVDF/Hy-GdFO, 

LaFeO3 (LFO) and PVDF/Hy-LFO. 

 

137 

Figure 6.4 The FTIR spectra of (a) hydroxylated LaFeO3 (Hy-LFO), 

hydroxylated GdFeO3 (Hy-GdFO nanoparticles, and (b) PVDF 

and PVDF/Hy-LFO, PVDF/Hy-GdFO nanocomposite. 

 

138 

Figure 6.5 DSC plot for PVDF and PVDF/Hy-LFO, PVDF/Hy-GdFO 

nanocomposite films. 

 

139 



 

xxvi 

 

Figure 6.6 FESEM micrographs of (a) LaFeO3 with histogram(inset), (b) 

GdFeO3 with histogram (inset), (c) pure PVDF, (d) PVDF/Hy-

GdFO and (e) PVDF/Hy-LFO Nanocomposite film. 

 

140 

Figure 6.7 Temperature-dependent (a) dielectric constant, (b) dielectric 

loss; Frequency-dependent (c) dielectric constant and (d) 

dielectric loss; for pure PVDF and PVDF/Hy-LFO, PVDF/Hy-

GdFO nanocomposite films measured at 1 kHz. 

 

142 

Figure 6.8 Comparison of dielectric constant and dielectric loss at 30℃ 

(black columns) and 100℃ (red columns) for pure PVDF; 

PVDF/Hy-GdFO and PVDF/Hy-LFO nanocomposite films. 

 

143 

Figure 6.9 Temperature dependence of dielectric constant and loss for 

PVDF, PVDF/Hy-GdFO, PVDF/Hy-LFO films measured at 

various frequencies. 

 

144 

Figure 6.10 Schematic diagram illustrating the formation of micro-

capacitors in the nanocomposite due to loading of the filler. 

 

145 

Figure 6.11 (a) Dielectric constant and loss (inset) of the ferrite fillers, (b) 

Comparison of theoretical models and experimental data. 

 

146 

Figure 6.12 (a) AC conductivity vs temperature measured at 1kHz and (b) 

AC conductivity vs frequency at room temperature, for PVDF 

and nanocomposite films. 

 

147 

Figure 6.13 (a) P-E hysteresis loop of PVDF, PVDF/Hy-LFO and 

PVDF/Hy-GdFO nanocomposite films and (b) Energy density 

and energy discharge efficiency. 

 

149 

Figure 6.14 (a) Weibull Analysis of breakdown strength and (b) 

Comparison of breakdown strength and shape parameter (β) for 

PVDF and ferrite nanocomposite films. 

 

151 

 

 

 



 

xxvii 

 

LIST OF TABLES 

Figure No. Captions Page No. 

Chapter 1 Introduction and literature review 1 

Table 2.1 The properties of the PVDF matrix and the fillers to be used. 39 

Chapter 2 Experimental and Characterization Techniques 38 

Table 3.1 Comparison of the performance of earlier reported systems 

with our nanocomposite. 

 

83 

Chapter 4 Poly (vinylidene fluoride)/Nitrogen doped carbon dots 

nanocomposite film with improved storage properties for 

high energy density applications 

 

87 

Table 4.1 Relative Proportion of electroactive phase in the PVDF and the 

Nanocomposites Filled N-CDs Obtained from the FT-IR, XRD 

Measurements. 

 

95 

Table 4.2 Pr and Pmax of PVDF and PVDF/N-CDs nanocomposite films 

and Energy density comparison calculated from different 

equations. 

 

109 

Table 4.3 Comparison of the dielectric constant, discharge energy density 

and discharge efficiency at the given electric field for the 

different nanocomposite films. 

 

111 

Chapter 5 Poly (vinylidene fluoride)/ hydrated antimony pentoxide 

(HAP) nanocomposite films for the application in high 

energy density storage supercapacitors. 

 

114 

Table 5.1 The Pmax and Pr of the all nanocomposite and pure PVDF. 127 

Chapter 6 H2O2 Hydroxylated rare earth ferrites (LaFeO3 and 

GdFeO3) Nanofillers in Poly (Vinylidene Fluoride) based 

Nanocomposite Films. 

 

131 

Table 6.1 Values of maximum polarization and remanent polarization for 

PVDF and nanocomposite films determined from P-E loops at 

800kV/cm applied electric field at 20Hz. 

 

148 

 Table 6.2. Comparison of energy density and dielectric 

constant with previously reported work. 

 

149 

 



 

xxviii 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xxix 

 

LIST OF SYMBOLS & ABBREVIATIONS  

η Energy efficiency   

α Polarizability 

hυ Photon energy 

Eg Band gap 

υ frequency 

h Plank constant 

k Boltzmann Constant 

K Kelvin 

Ea Activation Energy 

U Energy density 

Å Angstrom 

ψ Electric potential barrier 

Hz Hertz 

T Temperature 

Tc Curie temperature 

𝜒 Susceptibility 

σ Conductivity  

Ld Debye length 

Voc Open-circuit voltage  

φ Filler volume fraction 

τ Life time of non-equilibrium carriers 

𝛿𝑖  Interfiller disctance 

Ei  Applied electric field specific value 

μm Micrometer 

ε Dielectric Permittivity 

τ Dielectric Relaxation Time 

ρ Total charge per unit area in electrode 

P Ferroelectric polarization 

Ec Coercive field 

Pmax Maximum polarization 

Ps Spontaneous polarization 



 

xxx 

 

Pr Remnant polarization  

Eb Breakdown strength 

XPS X-ray spectroscopy  

AFM Atomic force microscopy  

C.B. Conduction band  

V.B. Valence band 

DW Domain wall  

FESEM Field emission scanning electron microscopy  

HRTEM High resolution transmission microscopy 

N-CDs Nitrogen doped carbon dots 

FTIR Fourier transform infrared  

HAP Hydrated antimony pentoxide 

PNC PVDF/N-CDs 

XRD X-Ray diffraction 

XPS X-ray photoelectron spectroscopy  

PL Photoluminescence spectroscopy 

UV-Vis. Ultra Violet visible spectroscopy 

AFM  Atomic force microscopy 

PVDF Polyvinylidene difluoride  

rGO Reduced graphene oxide 

GND Graphene nanodots 

PSD Power spectral density 

 

 

 

 

 

 

 

 



 

xxxi 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

xxxii 

 

PREFACE 

Energy storage is now garnering a lot of attention in the scientific community as a result of the 

current energy crisis and the severe air pollution. There is a significant need for the research 

and development of novel, environment friendly kinds of energy systems as well as associated 

energy storage technologies. Dielectric capacitors have the potential to be used in a variety of 

applications, including transport vehicles, fixed energy resources, and portable electronic 

gadgets because of their high-power density, long life, and cyclic life 1. However, when 

compared to conventional batteries, the energy density of dielectric capacitors is rather poor, 

which stymies any attempts to further enhance these types of storage devices 1,2. The capacitors 

have their own important and essential domain of applicability in the energy storage 

technologies due to their fast charging and discharging phenomena that batteries lacks of.   

The dielectric capacitors generally are made of the dielectric materials having good storage 

properties. Ceramic materials like PbTiO3, BaTiO3 (BT), BaZr1-xTixO2 (BZT), Ba1-xSrxTiO3 

(BST) etc. have been used as the storage materials in the dielectric capacitors for long period 

of time and are still relevant in large amount of applications 3–5. The ceramic dielectrics have 

high value of the dielectric constant, low dielectric loss and higher range of the temperature 

operation. Lead based dielectrics have breakdown strength within the range of 100 to 400 

kV/cm2 and energy density of 2 to 11 J/cm3 2. However, Pb is carcinogen, so the use of Pb 

based material are restricted to employ and research on. BT based electroceramics could be the 

better replacement of lead-based dielectrics with the energy density of 1-5 J/cm3 and 

breakdown strength of 145-450kV/cm 6. Many other electroceramics has also been developed 

in last 20 years with comparable dielectric strength and energy density. However, the 

breakdown strength of the electroceramics is comparably lower that results in low energy 

density compare to the polymer nanocomposites. There are various polymers which shows very 

good dielectric properties. Polymers have moderate dielectric constant, high energy density 
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and large breakdown strength. The value of the dielectric constant of dielectric polymers is low 

as compare to dielectric ceramics. Polymer like PVDF, BOPP and PMMA have dielectric 

constant value of ~9, ~2.3 and 4.9 6. To achieve the desired properties for the storage 

applications, the polymers can be modified by synthesizing the nanocomposite. the polymer 

can be used as a matrix in nanocomposites. PVDF is very good dielectric polymer which is 

extensively being used by the researcher to get the better dielectric and storage properties. The 

synthesized polymer nanocomposites have demonstrated promising results. The dielectric 

ceramics with high dielectric constant have been used to get better properties of the polymer 

nanocomposites. These dielectric materials are being used as fillers in the polymer matrix as 

the required amount. BaTiO3 based, lead based and SrTiO3 based dielectric filler have been 

used as reinforcement in the PVDF matrix 7,8. The results of these reinforcement in PVDF 

matrix have enhanced the dielectric constant and polarization. Enhancement in the polarization 

also enhanced the energy density of the polymer nanocomposite. The reinforcement of the 

dielectric ceramics in the PVDF have no limit, they can be reinforced to more than 50 vol% in 

PVDF to achieve desired energy density and dielectric properties. Reinforcement of the 60 

vol% BaTiO3 in PVDF matrix enhanced the dielectric constant from ~9 to ~ 125 with the 

modification of the surface of the surface of filler with PVP 6. The latest research shows that 

the energy density of the PVDF/BaTiO3 is 8 J/cm3 for 3vol% but as the volume % is increased 

the breakdown strength decreases abruptly, for 3vol%, breakdown strength is 78% of the PVDF 

and 36% for the 15vol% reinforcement of the filler in the PVDF matrix 9. The same case is 

with the other electroceramics based dielectric fillers reinforced in the PVDF matrix. This 

trade-off between the dielectric properties and breakdown strength leads to think beyond the 

dielectric ceramic-based fillers. 

The semiconducting/conducting nanoparticles are being used as nanofillers in the PVDF 

matrix. The low amount of the conducting/semiconducting filler can be used to enhance the 
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dielectric and storage properties as required as compare to the dielectric ceramic fillers. 1 vol% 

loading of the TiOX in PVDF matrix leads to 7.43 J/cm3 with not substantial decrement in the 

breakdown strength as compare to PVDF 10. To a particulars vol% of such nanofiller, the 

energy density and breakdown strength are in favourable state but large amount leads to 

percolation in the nanocomposite. After percolation threshold, the nanocomposite becomes or 

behaves as partial conducting giving rise to enormous amount of the conducting paths in the 

films 11. This problem can be solved by making better nanocomposite films using the modifying 

or refluxing agents to modify the nanoparticles surface. These refluxing have functional groups 

which helps the polymer chain to comfortably getting attached to the filler molecules12. Various 

types of the refluxing agents have been used to modify the nanoparticles. H2O2, PVP, NH2- , 

PDOPA are potentially used in the previous researches resulting in positive response 2,12.  

In our present work, we have taken the PVDF as matrix for the nanocomposite films applicable 

in the high energy storage devices. PVDF have four phases with electroactive phases (β, γ) and 

δ, α-phase as non-electroactive phase.  The phases of the PVDF can be transformed from non-

electroactive to electroactive by processing it or making nanocomposite with the suitable filler. 

The functional group present in hydroxylated filler helps PVDF to have all trans conformation. 

We have used the semiconducting nanomaterials to enhance the storage and dielectric 

properties of nanocomposite films. The modification of the nanoparticles is done with the help 

of hydroxylation of these with H2O2. The hydroxylated V2O5 (Hy-V2O5), Hydrated antimony 

pentoxide (HAP), Hydroxylated LaFeO3, Hydroxylated GdFeO3 and N-CDs. 

1. PVDF reinforced with Hydroxylated V2O5 for the enhancement of energy storage 

properties   

We have synthesized poly (vinylidene difluoride) (PVDF)/Hydroxylated V2O5 (Hy-V2O5) 

ferroelectric polymer nanocomposite self-standing film, with an average thickness of 
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0.07±0.005 mm. V2O5 is actually a semiconducting material with some ferroelectric properties. 

So, it has been a good selection to reinforce in the PVDF matrix after hydroxylation. The phase 

identification, surface analysis and structural analysis was done using Differential Scanning 

Calorimetry (DSC), X-ray Photoelectron Spectroscopy (XPS) analysis, X-Ray Diffraction 

(XRD) respectively. Atomic force microscopy (AFM) micrographs’ analysis reveals lower 

surface roughness of the nanocomposite films and confirms that the film is suitable for energy 

storage rather than charge transport with the help of isotropic power spectral density (PSD) 

profile. The loading of low amount of Hy-V2O5 filler in PVDF significantly enhances the 

ferroelectric polarization, making it highly suitable for the high energy storage applications. 

The enhancement in the dielectric constant (from ~9 to 29.86) and polarization (Pmax for PVDF 

= 0.86 µC/cm2 to Pmax for PVDF/Hy-V2O5 = 2.7 µC/cm2 at the 1000 kV/cm field) is obtained. 

The energy density for nanocomposite increased to 220% of pure PVDF. Due to the low 

amount of filler, there is no substantial reduction in the dielectric breakdown strength of the 

nanocomposite, which is maintained at 1766.93 kV/cm. 

2. Loading of N-Carbon Dots in PVDF as Two Phase-Based Nanocomposite Film to 

Enhance Dielectric and Storage Properties for High Energy Density 

Supercapacitor 

 

The facile synthesis of Nitrogen-doped carbon dots (N-CDs) and the Poly (vinylidene 

fluoride)/N-CDs based self-standing nanocomposite film. The N-CDs are semiconducting in 

nature and introduce interfacial interaction with the PVDF matrix. The loading of N-CDs 

nanofiller in the PVDF matrix accelerates the formation of more electroactive phases and 

increases the crystallinity of the nanocomposite films, which has been confirmed with the help 

of XRD, FTIR, and DSC analysis. The dielectric and ferroelectric properties of nanocomposite 

films are improved with the addition of N-CDs in the polymer matrix having a dielectric 

constant (ɛr) of 19.59 at room temperature as compared to neat PVDF having ɛr = ~9 at 1kHz. 

At 1wt% of N-CDs loading in the PVDF matrix, the maximum polarization for nanocomposite 
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is 4.164 μC/cm2 as compared to pure PVDF (1.79 μC/cm2) with a comparatively minor 

increment in loss.  The overall positive is that the enhancement in energy density to (𝑈𝑑) 

(2.38J/cm3) for Nanocomposite film for 1% filler.                       

3. Poly (vinylidene fluoride)/ hydrated antimony pentoxide (HAP) based 

nanocomposite film with improved dielectric and storage properties 

We have synthesized the nanocomposite film with polymer as matrix and hydrated antimony 

pentoxide (HAP) as conducting filler. Thus, the hydroxylation of nano powder Sb2O3 was done 

to enhance proton conductivity and as well as developing reactivity in Sb2O3 to use as a 

conducting filler in PVDF matrix. The hydroxylated Sb2O3 is actually hydrated antimony 

pentoxide (HAP) having H3O
+ and H+. The proton conductivity of the HAP is confirmed with 

the help of XRD. The nanocomposite films (PVDF/HAP) were synthesized with the help of 

solution cast process. The phase identification of nanocomposite films was done with the help 

of XRD, FTIR and morphological analysis is done with FE-SEM. The measured dielectric 

constant of nanocomposite film is around 27.86, for 8% filler in comparison of pure PVDF 

with 9.56. The polarization of nanocomposite film is 2.91μC/cm2) with 8% filler loading while 

for 0% filler in PVDF polarization is around 1.11μC/cm2 at 1400kV/cm field. Weibull analysis 

is done to calculate the breakdown strength. The energy density at an electric field 1400kV/cm 

is 1.59 J/cm3 for nanocomposite, for pure PVDF it is 0.66 J/cm3.  

4. H2O2 Hydroxylated rare earth ferrites (LaFeO3 and GdFeO3) Nanofillers in Poly 

(Vinylidene Fluoride) based Nanocomposite Film.  

we synthesized the LaFeO3 and GdFeO3 nanoparticles with the help solid state method. The 

H2O2 Hydroxylated, LaFeO3 (Hy-LFO) and GdFeO3 (Hy-GdFO) nano-particles were used for 

the first time as filler in the PVDF to get nanocomposite films with improved dielectric and 

ferroelectric properties. The solution cast method has been used for the preparation of the 
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nanocomposite films. The H2O2 Hydroxylation improved the interfacial interaction between 

the filler and the PVDF matrix. X-ray diffraction (XRD) and Fourier transform infrared 

spectroscopy (FTIR) spectra analyses confirmed the formation of polar phases (β, γ-phases) of 

PVDF in dominance with non-polar phase (α-phase) after nanocomposite formation. 

Differential Scanning Calorimetry (DSC) measurements reveal that the peak corresponding to 

the α-phase of PVDF is fully diminished in the nanocomposite films. The increment in polar 

phase fraction in developed nanocomposite films results from the interfacial interaction due to 

nanofiller. The ferroelectric hysteresis loop recorded for the PVDF/Hy-LFO, PVDF/Hy-GdFO 

nanocomposite films; reveals relatively improved polarization as compared to pure PVDF. 

We have got better responce from the reinforcement of the N-CDs in PVDF followed by the 

HAP. Hy-V2O5 and rare earth ferrites have also enhanced the storage properties.  

These studies and findings are not only beneficial to study the enhancement of the PVDF 

nanocomposite films but also provide the evidence that the low amount of the semiconducting 

fillers can give better response with the low amount. The results provided in our research work 

can provide the direction to research further for better filler and nanocomposites. These results 

can also be used as the application in the devices for the energy storage purposes.  

The thesis is organized into 7 chapters. 

Chapter 1: This chapter start with introduction about the PVDF nanocomposite and its 

application in capacitive energy storage. Further gives exposer to the basic concepts related to 

the capacitors, dielectric materials expanding to the concepts like ferroelectricity, energy 

density and breakdown strength with understanding of the polymer nanocomposite. A concise 

review of the recent progress in the PVDF nanocomposite materials for the application in high 

energy storage is presented. 



 

xxxviii 

 

Chapter 2: This chapter describes the materials used in synthesis of the PVDF nanocomposite 

films. The synthesis process and methods have been discussed in detail. The solution cast 

process of the film making is described. A brief description of various characterizing 

techniques used in the research work has been presented.  

Chapter 3: This chapter is dedicated to the PVDF Nanocomposite films reinforced with the 

Hy-V2O5. The response of the reinforcement has been discussed in details with the help of 

various characterization techniques. The energy storage properties of the nanocomposite film 

studied in detail with impedance analyzer and PE loop analyzer. Breakdown strength calculated 

with the help of the Weibull analysis. 

The work presented in this chapter has been published in the ACS Applied Energy Material 

(Impact Factor = 6.95) (https://doi.org/10.1021/acsaem.2c02425) 

Chapter 4: Chapter discussed the reinforced N-CDs in the PVDF matrix and shows very 

fascinating results in energy storage. N-CDs are semiconducting in nature, characterized by the 

UV and PL with the HRTEM and further loading in PVDF matrix to synthesize nanocomposite 

film, the characteristics of the films have been done with the help of various instruments. The 

parameters are calculated with the standard formulas to know the response. 

Chapter 5: Synthesis of PVDF nanocomposite reinforced with the HAP as filler has been 

studied in detail in this chapter. The enhancement in the dielectric and energy storage 

parameters have been calculated after collecting data from the instruments. The phase and 

structure analyzed with the help of various characterization techniques.   

Chapter 6: In this chapter, we have studied the energy storage properties of rare earth ferrite 

reinforced in the PVDF nanocomposite matrix. LaFeO3 and GdFeO3 are used as filler in PVDF 

and the reinforcement effect on the PVDF matrix studied with the help of characterization 

techniques. The enhancement in the dielectric and polarization properties is analyzed and 
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discussed in detail with time and frequency dependent data collected from the impedance 

spectroscopy analyzer and PE Loop analyzer.   

The work from thus chapter has been published in Springer Journal of Material Science: 

Material in Electronics (Impact Factor = 2.78) (https://doi.org/10.1007/s10854-022-08836-z) 

Chapter 7: Summarizes the main findings of the present research work done and suggestions 

for the future investigations and studies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


