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ABSTRACT

Since the energy storage and power demand for the consumer market is in the ever-increasing
trend, global electronics industry is looking for generic structures that are equally powerful in
storing energy and are equally reliable and flexible for universal integration into the systems.
The longer life time and higher power density of the supercapacitors make them better than the
conventionally used lithium-based batteries particularly for miniaturized devices and systems.
As compared to batteries, supercapacitors are preferable and more suitable for diverse
applications. Moreover, they can also extend the battery’s life time. In this systematic Study;
we have focused three set of different kinds of conducting polymer based supercapacitors i.e.
PEDOT:PSS, Polyurethane and PVA+KOH to study the electronics of such devices for
technology exploitation. PEDOT: PSS electrodes have readily been used as a prominent
research candidate as the supercapacitor's active electrode. The benefits of PEDOT based
super-capacitors as a charge storage material are wide i.e. high conductivity, prominent
stability, suitable conjugated porous backbone, wider working range, fast redox reaction,
optical transparency, and easy processability. While the drawback of PEDOT: PSS shows
inhomogeneous electrical and morphological properties that result in poor long term stability
and causes the limitation in its shelf-life. This work proposes a significant cause of its
degradation (during active and standby modes) and provides the transient charge level analysis
for the very first time. PEDOT: PSS based supercapacitor are fabricated and subsequently
characterized with a special focus to evaluate the post-aging (~120 days) charging and
discharging nature of the devices. The defects present within the PEDOT:PSS interface are also
studied to address the less-evaluated problematic area in order to better understand the
inhomogeneities in view of basic charge, for improved system-level applications. From this
study, two distinct defect centers are measured and calculated i.e. Eri = Ec-0.0305 eV with
capture cross section of 2.05x1072° cm™ and Er2 = Ev+0.0896 eV with capture cross section
0f9.13x1072* cm™2. In Polyurethane based supercapacitor, Kirchhoff’s, Ohm’s, and Thevenin’s
circuit laws are solved with specific focus on foldable supercapacitors. In view of frequency
and time domain, the comparative nurture of Alternating and Direct current (AC-DC) analysis
are also presented from EIS and potentiostatic techniques. The defect analysis is also carried
out to predict the trap energy level near the conduction band that is localized at ~Ec-78.7meV
with a capture cross-section of 8.29 x 10" cm?. This level is thought to be responsible for the
charge leakage at internal self-discharge resistance (Rp) and reduces the charge collection

especially in a standby mode of supercapacitor’s operation. In PVA based supercapacitor the
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electrolyte has been synthesized with Potassium Hydro-Oxide (KOH) as ionic migration agent,
which may enhance the Electronic Double-Layers Capacitance (EDLC) activity. In order to
mechanically strengthen the active material with in the device matrix; graphene based activated
carbon enclosed within the larger pore fabric/textile is utilized in one of the experiments
performed. After successful fabrication, the PVA based super capacitor is charged for 60
second at a potential of 1 Volt and took ~30 minutes to completely discharge it's self at “full
load operation. Findings presented in this thesis are important and have ramifications for

design, device and process engineers.



LIST OF PUBLICATIONS AND PATENT OUT OF THE WORK

Published

e Rehman, H. U,, Shuja, A., Ali, M., Murtaza, I., and Meng, H. (2020). Evaluation of defects and current
kinetics for aging analysis of PEDOT: PSS based supercapacitors. Journal of Energy Storage, 28,
101243. (Impact Factor: 6.583) DOI: 10.1016/j.est.2020.101243

¢ Rehman, H. U,, Shuja, A, Ali, M,, S. Khan, Murtaza, I., and Meng, H. (2022). Investigation of Charge
and Current Dynamics in PVA-KOH Gel Electrolyte Based Supercapacitor (Journal of Materials
Science: Materials in Electronics) (Impact Factor: 2.478) DOI: 10.1007/s10854-021-07432-x

PATENT

¢ A novel method for the performance evaulation of strechable and foldable supercapacitor for energy
storage application. (Filled: Intlectual Property Organization, Govt. of Pakistan)
(Patent Application No. 846/2021) (Patent Receipt No. 2103044450)

Inventor_1: Hafeez ur Rehman
Inventor_2: Prof. Dr. Ahmed Shuja Syed
Inventor_3: Engr. Muhammad Ali



ACKNOWLEDGEMENTS

In the name of Allah (SubhanahuWaTa ala), who is the most gracious and the merciful. I would like
to thank Allah for giving me strength and patience to complete this research work. Peace and
blessings of Allah be upon His last Prophet Muhammad (Sallulah-o-Alaihihe-Wassalam) and all his
Sahaba (Razi-Allah-o-Anhu) who dedicated their lives for Dawah and spread of Knowledge.

I am truly grateful to my supervisor Prof. Dr. Ahmed Shuja Syed, whose inspiration, ideas and efforts
make it possible for me to complete my higher studies. He has been a role model for me and many
others in teaching, research, and other aspects of life. I offer my sincere thanks to Research Associates
Muhammad Ali, Shoaib Alam, Shah Fahad and all the supporting staff of Centre of Advanced
Electronics and Photovoltaics Engineering for their never-ending support and for their useful
discussions during last few years. I would like to acknowledge the support of International Islamic

University Islamabad Pakistan for providing me half fee waiver during the PhD studies.

I am really grateful to my Mother and father for their prayers, love and support throughout my life. I
have no words to describe the unprecedented care and support of my immediate family which made it

realize the dream of pursuing a PhD degree.

Engr. Hafeez-ur-Rehman

Vi



TABLE OF CONTENTS

Abstract

LIST OF PUBLICATIONS AND PATENT OUT OF THE WORK

Acknowledgements

Table of Contents

List of Figures
List of Tables

List of Abbreviations

List of Symbols
Chapter 1: Introduction

1.1 Energy Demand

1.2 Scaling in Technology
1.3 Flexible Devices

1.4 Energy Storage Devices

1.5 Supercapacitors

1.5.1 Application of supercapacitor
1.5.2 Demand

1.5.3 Industry

1.6 Gap Analysis and Issues
1.6.1 Solving the Problem

1.7 Problem Statement

1.8 Objectives of the Research
1.9 Structure of the Thesis

1.10 Summary
Chapter 2: Background Theory

2.1 Introduction

2.1.1 Electrochemical Energy Conversion and Storage Systems
2.2 Energy Storage Mechanism

2.2.1 Electrostatic Double Layer Capaciter (EDLC)

2.2.2 Electrochemical Pseudocapacitor

2,2,3 Hybrid Supercapacitor

2.3 Stretchable Supercapacitor
2.4 Electrode

2.4.1 Carbon Materials
2.4.2 Metal Oxides

2.4.3 Conducting Polymers

2.5 Electrolyte

2.6 Supercapacitor Systems

2.6.1 Symmetric Supercapcitor

2.6.2 ASymmetric Supercapcitor
2.7 Equivalent Circuil Mode! (Randless Cell} of the supercapacitor

2.8 Defects in Crystals

2.9 Sutnmary
Chapter 3: Literature Review

3.1 Energy Density
3.2 Stretchable Supercapacitors

3.3 Choice of electrode materials for stretchable supercapacitors

3.4 Design strategy for stretchable supercapacitors

3.4.1 Linear supercapacitors (One Dimensional design)

3.4.2 Planar supercapacitors {Two Dimensional design)

3.4.3 Stereo supercapacitors (Three Dimensional design)

3.5 Electrolyte for supercapacitor

3.6 Summary

Chapter 4: Experimental Techniques
4.1 Device Fabrication

4.1.1 Spin Coating

4.1.2 Spray Coating
4.2 Testing and Characterization of Fabricated device Design

vii

iii

vi
vii

xii
xiii

s R B e

10
10
11
12
13
14
15
15
17
17
17
18
19
2]
22
24
25
26
27
28
32
34
34
34
34
35
37
39

39
40
42
49
50
52
54
56
59
61
61
61
62
63



4.2.1 Nano Chip Reliability grade Hall Effect System
4.2.2 ASMEC Electro-physical Characterization System
4.2.2.1 Current-Voltage Analysis

4.2.2.2 Charge Deep Level Transient Spectroscopy (QDLTS)

4.2.3 Arrhenius Analysis
4.2.4 Electrochemical Impedance Spectroscopy (EIS) Analysis
4.2.5 Photo-Luminance System
4.2.6 Hot Plate and Magnetic Stirrer
4.2.7 Scanning Electron Microscopy (SEM)
4.2.8 Energy Dispersive Spectroscopy (EDS)
4.2.9 Atomic force Microscopy (AFM)
4.3 Precautions in Experimentation
4.4 Summary

Chapter 5: Experiments, Results & Discussion

q

5.1 PEDOT:PSS based supercapacitor
5.1.1 Experimental
5.1.2 Characterization

5.1.2.1 Current Voltage (I-V) Analysis
5.1.2.2 Q-DLTS: Defect Analysis of PEDOT:PSS based Supercapacitor
5.1.2.3 EIS Analysis of PEDOT:PSS based Supercapacitor
5.1.2.3.1 Nyquist Plot

5.1.2.3.2 Bode Plot

5.1.2.4 Kinetics of electric current under charging voltage and temperature

5.2 Stretchable and Foldable Polyurethane Based Supercapacitors
5.2.1 Experimental
5.2.2 Characterization
5.2.2.1 Current Voltage (I-V) Analysis
5.2.2.2 Q-DLTS: Defect Analysis of Stretchable and foldable Supercapacitor —--—--—-=—-=m=mx
5.2.2.3 EIS Analysis Polyurethane Based Supercapacitors
5.2.2.4 Kinetics of electric current under charging voltage and temperature =--=--—s=v=m=n==nm-

5.3 Alternating and Direct Current Analysis of said Supercapacitors
5.3.1 Characterization

r 5.3.2 Alternating and Direct Current Analysis
5.4 PVA-KOH Gel Electrolyte Based Supercapacitor
5.4.1 Experimental
5.4.2 Characterization
5.4.2 Comparison with the reported Devices

Chapter 6: Conclusion & Future Work

6.1 Conclusion

6.1.1 PEDOT:PSS Based Super-capacitor
6.1.2 Alternating and Direct Current (AC/DC) analysis of Polyurethane Based Supercapacitor --
6.1.3 PVA-KOH Based Super-capacitor
6.2 Future Work

References

viii

63
65
66
67
70
71
74
75
76
77
78
80
81
82

82
82
84
86
88
93
93
95
98
102
103
104
105
106
109
111
115
116
116
135
136
137
150
165

165

165
168
167
169
173



4

1

LIST OF FIGURES

Fig. 1.1: More than Moore’s approach
Fig. 1.2: Road map of flexible products and flexible substrates
Fig. 1.3. Illustration of flexible Devices attached to humans through textile channel for stretchable-
flexible electronic strip to measure the temperature and accelerometer to measure the respiration and
heart beat
Fig 1.4 Ragone plot for different types of energyy-storage devices
Fig 1.5. Comparison between the Properties of Batteries and Supercapacitor
Fig 1.6 Overview of the types and classification of supercapacitors
Fig. 1.7: Application of supercapacitors
Fig. 2.1 Historic timeline for the development of supercapacitors
Fig. 2.2 Schematic illustrations of supercapacitor:
Fig 2.3 Charge Storage mechanism of EDLC Supercapacitor.
Fig 2.4 Charge Storage mechanism of Pseducapacitor
Fig 2.5 Charge Storage mechanism of hybrid supercapacitor
Fig 2.6 Four design strategies for stretchable supercapacitors (a) wrinkled and wavy design
(b)Serpentine bridge-island design (¢) Origami design (d) Fractal inspired bridge-island design---------
Fig 2.7: Comparison of specific capacitance of different electrode materials for supercapacitors------—-
Fig 2.8: Role of electrolyte on the properties of Electrochemical Supercapacitor (ES) —-——m—mmmmmmmmnmv
Fig 2.9: Electrolyte Classifications
Fig 2.10: Schematic illustration of (a) Symmetric supercapacitors (b) Asymmetric
Fig 2.11: Equivalent Circuit Model (Randles Cell) of the Supercapacitor:
Fig 2.12: Classification of defects in crystalline solid
Fig. 2.13: Crystal defects, a) impurity interstitial, b} dislocation, c) self-interstitial, d) cluster of impurity
atoms, ¢) extrinsic dislocation loop, f) small substitutional impurity, g) vacancy, h) intrinsic dislocation
loop, i) large substitutional impurity.

Fig. 3.1: (a) fabrication of buckled SWCNT film on PDMS (b) Buckled SWCNT film (c) Crumbled
CNT/PANI composite (d) Stretchable wire shaped supercapacitor fabrication procedures —--—---—--—---
Fig. 3.2: (a) SEM image of MoS2 nanosheets. (b) Fabrication of the stretchable supercapacitor
based on composite films of graphene/MoS, (c) asymmetric stretchable supercapacitor based on the
wrinkled negative Fe;Os/CNT hybrid film electrode and positive MnO,/CNT hybrid film electrode. (d
and e) wrinkled Fe;O3/CNT and MnO,/CNT hybrid films SEM images
Fig. 3.3: Stretchable supercapacitors based on polyaniline
Fig 3.4: Highly Stretchable and Self-Healable Supercapacitor
Fig 3.5: Design strategies for stretchable supercapacitors
Fig 3.6: One dimensional Supercapacitor (a) Representation of a twisted sandwich fiber, (b)
Commercial glove on 20 cm long sandwich fiber is woven
Fig 3.7: (a) Fabrication of all solid state planar two dimensional stretchable Supercapacitor (b) printed
planar flexible supercapacitor on a PET substrate
Fig 3.8: Fabrication of microsupercapacitor using Tripod structure PDMS
Fig 3.9: Powering electronic Watch (a) (b) structure and schematic of electronic watch along with
“watch strap” as stretchable supercapacitor. (c)Watch strap™ at different places of arm i.e. wrist, middle
and upper arm (d) powering the watch at different places of arm i.e. wrist, middle and upper arm----—-

Fig 3.10: PVA based Supercapacitors (a) Schematic of a supercapacitor prepared by two different gel
electrolytes (b) Schematic of a typical symmetric supercapacitor based on the graphene electrodes and
PVA/H2S04 gel electrolytes. (c) Schematic of a typical symmetric flexible paper supercapacitor based
on the carbon nanomaterials electrodes and PVA/H3PO4 gel electrolytes (d) A typical micro-
supercapacitor based on the carbon nanomaterials electrode and PVA/H2S04 gel electrolyte-——---—-
Fig 4.1: Four stages of spin coating
Fig 4.2: Schematic of the spray coating of CNT onto glass fiber fabrics and fabrication process--——---
Fig 4.3: Hall Effect Measurement Setup
Fig 4.4: Halls Effect Measurement Setup in CAEPE, IIUI.
Fig 4.5: ASMEC Setup in CAEPE, IIUI
Fig 4.6: I-V characteristic of (a) Symmetric, (b) asymmetric and (c) hybrid supercapacitor—-——--—--
Fig 4.7: Charge based transient analysis of Ag/PTCDA 28 nm/ n-GaAs sample
Fig 4.8: EIS analysis of flexible grapheme based supercapacitor (a) Nyquist plot (b) Bode Plot--—emnnmx
Fig 4.9: EIS setup in CAEPE, I1U1
Fig 4.10: Principle of Photoluminescence Spectroscopy
Fig 4.11. Hot plate and magnetic stirrer

W

11
18
19
20
22
23

31
33
33
34
35
36
37

44

46

47
48
49
51

53

54
55

59

62
63
64
65
66
67
70
73
73
75
76



y

"l

Fig 4.12: SEM layout
Fig 4.13: (a) Energy dispersive X-ray spectroscopy (b) Elemental Composition mapping of sample
analyzed via EDS
Fig 4.14: Schematic of basic AFM operation (left), real micro-cantilever and components (right)------—-
Fig 5.1: Fabrication of ITO Coated PEDOT: PSS based Supercapacitor:(a) ITO coated glass substrate,
(b) Spin coated PEDOT:PSS onto the substrate , (c) drop casting of gel-electrolyte (d) U-V exposure to
solidify the gel electrolyte.
Fig 5.2: General schematic of PEDOT: PSS based Supercapacitor (a) layer-wise structure, (b) Energy
band structure.

Fig 5.3: Current-Voltage characteristic of PEDOT:PSS based supercapacitor at variable temperatures---
Fig 5.4: Charge based transient analysis of PEDOT:PSS based supercapacitor:
Fig 5.5: Arrhenius analysis of PEDOT:PSS based supercapacitor:
Fig 5.6: Visualized Trap levels within the energy band of PEDOT:PSS based
supercapacitor

Fig 5.7: Logarithmic scaled Nyquist plot
Fig 5.8: Normalize scaled Nyquist plot
Fig 5.9: Impedance based Bode plot at multiple charging voltages
Fig 5.10: Phase based Bode plot at multiple charging voltages
Fig 5.11: Kinetics of electric current under subject charging voltages i.e. 0.1-1V (a) At 26 °C ambient
temperature, (b) At 86 °C ambient temperature.
Fig 5.12: Overall charging behavior of subject supercapacitor under 1V charging voltage (a) At 26°C,
(b) At 86°C ambient temperatures
Fig 5.13: Capacitance of the PEDOT:PSS supercapacitor at varying temperature
Fig 5.14: Fabrication of stretchable and foldable Supercapacitor:(a) stretchable and foldable
Polyurethane substrate, (b) dense metal net, c) substrate/metal net stack, (d) drop casting of gel-
electrolyte (e) U-V exposure and layer vise stack of stretchable supercapacitor.
Fig S5.15: Current-Voltage characteristic stretchable and foldable polyurethane based based
supercapacitor at variable temperatures.
Fig 5.16: Charge-Discharge events of supercapacitor in Q-DLTS measurements (a) charging through
Resr (b) discharging through Rp
Fig 5.17: Q-DLTS spectra of stretchable/foldable supercapacitor.
Fig 5.18: EIS based Nyquist plot
Fig 5.19. Current-time spectra’s at multi-charging voltage pulses, (a) I(t) at 300K, (b) I(t) at 310K, (c)
I(t) at 320K, (d) I(t) at 330K, (e) I(t) at 340K, () I(t) at 350K.
Fig 5.20. Reverse polarity in current magnitude
Fig 5.21. Thevenin's Equivalent circuit of stretchable Supercapacitor.
Fig 5.22: Thevenin's Equivalent impedance model (a), Thevenin's Equivalent impedance (b) Thevenin's
Equivalent impedance with DC source.
Fig 5.23: Charging Circuit of stretchable supercapacitor, (a) supercapacitor charging along with positive
and negative series wires. (b) Charging circuit diagram (practical), (c) equivalent circuit diagram during
charging phase, (d) Equivalent circuit diagram during charged phase.
Fig 5.24-1: Circuit Diagram of Precise Rgsg determination.
Fig 5.24-1I: Effect of the ambient temperature on stretchable supercapacitor performance parameters.
(a) Effect of the DC voltage on effective capacitance at multi temperature. (b) Effect of the DC voltage
on Parallel resistance at multiple temperatures.
Fig 5.25: AC-induced power source for measuring stretchable super-capacitor: Proposed Assembly. --
Fig 5.26: Spectral response of individual and combine voltages for charging of super-capacitor, (a) DC-
voltage spectral response. (b) AC- Voltage spectral response. (c) Spectral response of off-setted AC
combined voltage and red colored part shows the DC-level clipping due to negative half of AC. (d)
Equivalent voltage source for charging super-capacitors
Fig 5.27: Supercapacitor’s Equivalent Circuit coupled with Equivalent Voltage Source. —------—-——
Fig 5.28: Comparative analysis of AC and DC technique for supercapacitors evaluation characteristic
parameters, (a) comparative analysis of ‘Rp’ (b) Comparative analysis of ‘C".

Fig 5.29 : Fabrication steps of PVA based Super-capacitor, (1) Polymer sheets for encapsulation, (2)
larger pore fabric for active material encapsulation, (3) Activated Carbon dropped with Graphene Ink,
(4) Interconnection of Anode and Cathode with Copper wire, (5-6) PVA based Electrolyte, (7-8) Super-
capacitor ready for charge/discharge activity
Fig 5.30: SEM imaging of PVA based super-capacitor’s elements, (a) Activated carbon mixed with
graphene ink, (b) dense metal net, (c) standalone activated carbon and (d) PVA electrolyte--------------

77
79

79
83

84

87
89
91
92

94
95
96
98
99
101
102
104
106
107
108
111
114
115
117
120

121

122
126

128
129

135

137

138



4

Fig 5.31: EDS analysis of PVA based super-capacitor’s elements, (a) Activated carbon mixed with
graphene ink, (b) dense metal net, (c) standalone activated carbon and (d) PVA electrolyte---------------
Fig 5.32: AFM image of PVA electrolyte
Fig 5.33: Schematic diagram of PVA + KOH based SC, (a) Layer wise structure of SC, (b) Full load
equivalent circuit of SC, (c) No Load equivalent circuit
Fig 5.34: Discharge characteristics at Full and No Load conditions
Fig 5.35: Electrical schematic overview of the super-capacitor’s equivalent circuit and the test bench--
Fig 5.36: Ionic charge state for PVA and KOH based Electrolyte
Fig 5.37: Nyquist Plot against each discharge DC potentials
Fig 5.38: Direction of Current Flow with respect to geographical planes
Fig 5.39: Current-Voltage analysis of PVA based Electrolyte at variable temperatures----=-----~---------
Fig 5.40: Voltage-Charge (V-Q) analysis of PVA based Electrolyte
Fig 5.41: Q-DLTS scans of PVA based Electrolyte
Fig 5.42: Arrhenius analysis of Current-voltage and Q-DLTS scans
Fig 5.43: Photo-Luminescence (PL) scans of PV A based Super-Capacitor Electrolyte-----------------—--
Fig 5.44: Energy band picture of PV A based Electrolyte.
Fig 5.45. Schematic representation of flexible electrode fabrication

Fig 5.46. Nyquist plots for pure PEDOT-PSS and EG doped PEDOT-PSS:rGO Composites -----------

Fig 5.47: a) Fabrication Process of PEDOT:PSS-based electrodes on cloth. b) Cloth before coating (c)
cloth after PEDOT: PSS coating

Fig 5.48: Performance of the sweat-based SC in real application. a) SC attached to clothes of a person
who is partly wet due to sweat. b) The CV (inset EIS) and ¢) GCD analysis d) SC attached to clothes of
a person who is fully wet due to sweat e,f) GCD and CV analysis of the fully wet SC. h—j) The textile
SC on a polar pro strap for conformal contact and k) SC performance with sweat during workout, -----

Fig 5.49: Imaginary impedance vs real impedance recorded on the supercapacitor cells having as active
electrodes composites (a) 90 wt % activated carbon and 10 wt % SWCNT (b) 30 wt % activated carbon
70 wt % SWCNT
Fig 5.50: Charge/discharge curve of supercapacitor at 20 mA with 55 wt % of active carbon and 45 wt%
SWCNT.
Fig 5.51: Schematic design of the hybrid supercapacitor
Fig 5.52: Specific capacitance comparison of different Gel eletrolytes.

xi

138

139
140

141
142
143
144
145
146
147
148
148
149
150

153
153

154

157

158

161
162



LIST OF TABLES

Table 1.1 Comparison of physicochemical properties of the various supercapacitor materials -----------

Table 2.1:
Table 2.2:
Table 2.3;
Table 2.4:
Table 3.1:
Table 4.1:
Table 5.1:
Table 5.2:
Table 5.3:
Table 5.4:

Carbon based electrode materials with specific capacitance
Metal oxide and hydroxides based electrode materials with specific capacitance ----~---------
Conducting Polymer based electrode materials with specific capacitance
Comparison of different properties of electrode materials
Electrolytes with voltage window --
Precautions in Experimentation -—
Surface Trap Densities of PEDOT: PSS based supercapacitor at multiple temperatures-~---—-
Trap parameters of stretchable/foldable supercapacitors
Parallel Resistance magnitudes measured from potentiostatic DC Analysis
Conductivity and Properties of common conductive polymers

Xii

09
26
27
29
30
57
80
90
109
125
151



4

AC
ADC
AFM
AgNWwW

Cert
CNTs
CPs
DC

DQ
DMM
DMPAP
DUT
Ec
EDLCs
EDOT
EDS
EG
EIS

ES

Er
FWHM
GNPs
GPE
HQ
H:S04
1

IC

IeT
ITRS
ITO
I-vV
J«t)

K
KOH
MnO:
MoS:
Nt

Nr

PPy
PEDOT
PTh
PANI
PEDOT: PSS
PFPT
PMT
PU
PDMS
PVA
PMMA
PAN
PEO
PC
PUA
PVDF
PIFTS
PGC

LIST OF ABBREVIATIONS

Contact Area

Alternating current

Analog to Digital Converters

Atomic Force microscopy

Silver nanowire

Capacitance

Effective capacitance

carbon nanotubes

conducting polymers

Direct current

Dihydroxyanthra-quinone

Digital Multi-Meter
2-dimethoxy-2-phentlacetophenone
Device under Test.

Lower edge of Conduction Band
Electrochemical Double-Layer Capacitors
3, 4-Ethylenedioxythiophene

Energy Dispersive X-ray Spectroscopy
Ehtylne glycol

Electrochemical Impedance Spectroscopy
Electrochemical supercapacitor

Trap energy

Full Width and Half Maxima
Graphenenano-platelets

Gel Polymer Electrolyte

hydroquinone

Sulfuric acid

Current

Integrated Circuit

Internet of things

International Technology Roadmap of semiconductors
Indium Tin Oxide

Current-Voltage

Current Density

Boltzmann’s constant

Potassium Hydroxide

manganese dioxide

Molybdenum disulfide

Interface Trap states

Trap concentration

Polypyrrole

Poly (3,4- ethylenedioxythiophene)
Polythiophene

Polyaniline

Poly (3, 4-ethylene dioxythiophene) polystyrene sulfonate
Poly(4-flourophenyl-3-thiophene)
Poly(3-methyl thiophene)

Polyurethane

Polydimethylsiloxane

Poly- vinyl alcohol
Polymethylmethacrylate

polyacrylonitrile

Polyethylene oxide

Propylene carbonate

Polyurethane acrylate

Polyvinylidene fluoride

Photo-stimulated internal field transient spectroscopy
Polypyrrole-graphene quantum dots composites

Xiii



q4

PZT
QDLTS

Ret
Resr

Rr

RMS
rGO
SCs
SN
SWNT
SEBS
SEM
SMPS
TENG
TEABF4
t1

t2

Veq
V-Q

Piezoelectric
Charge deep level transient spectroscopy
Remote keyless entry

charge-transfer resistance

Equivalent Series Resistance

Parallel Resistance

Self Discharge Resistance

series resistance

Root Mean Square

Reduced Graphene oxide
Supercapacitors

Succinonitrile

Single-walled carbon nanotube
styrene—{ethylene—butylene)styrene
Scanning electron Microscopy

Switch Mode Power Supply
Tribo-electrical nano-generator
Tetraethylammonium tetrafluoroborate
Time initially

Final charge/discharge time

Voltage

Hall voltage

Equivalent voltage

Voltage-Charge

Impedance

Xiv



LIST OF SYMBOLS

T Rate window

ys(t) Electric potential

] Capture cross-sections
AQ Charge magnitude



Chapter 1

Introduction

This section clarifies a portion of basic introduction which is critical to comprehend the
foundation of fabrication and characterization of stretchable supercapacitors for energy

system applications.
1.1 Energy Demand

Electrical energy is common consumer good and in mosst cases is an unseen, ubiquitous
commodity and is readily available at lowest possible cost [1]. Environmental, social and
economic aspects are dependent on energy for all developing and developed countries as they
need energy for the functioning of all the activities. Energy is depleting exponentially all over
the world in the past decade as its demand is increases day by day [2]. Quality of life,
population, education, health, industrial production, access to water, etc. all are linked to
energy, as the environmental security and future economic prosperity depends on energy
management and storage [3]. The environmental issues and huge prices of fossil fuels created
concerns among countries to shift to other energy sources. With depleting resources and
global warming also increases the concerns over fossil fuel usage, resulting use of renewable
energy sources like photovoltaic and wind [4]. Renewable energy sources are fluctuating
and variable sources and are different in so many aspects form conventional sources like they
are smaller in size, unpredictable, location-constrained, and have low short-run cost [5]. The
introduction of fluctuating and variable energy sources (renewable energy sources: wind,
turbines, solar, etc.) to power network and delocalized electricity production increases issues
and difficulties in stabilizing the power system due to the imbalance of demand- supply. Thus
creating challenges in prevailing power systems [6]. To progress for better solution energy

storage demand is the biggest challenge. Although renewable energy is free and environment
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friendly source of electricity, a storage element is required as an energy buffer in wind and
photovoltaic systems to bridge the gap between available and required energy. Due to high
cost and bulky equipment, it is difficult to store energy. With depleting fossil resources and
growing energy demands discovering reliable, environmental friendly, low cost, and
sustainable energy adaptation and storage systems stays a key challenge across the globe.
Thus Energy needs to be produced, transmit, and store it as its huge amount is required by
today’s society and most importantly this energy need to be delivered at any time. A lot of
research is going on in the field of energy management, power electronics, and energy storage
devices, etc., in terms of lower cost, high reliability, longer lifetime, and high efficiency for

developing energy storage systems [7].
1.2  Scaling in Technology

The growth of electronic industry as compared to other industry sectors, is unmatched after
the invention of Integrated Circuit (IC). Semiconductor industry has kept on progressing and
has been instrumental in the advancement of numerous different businesses since 1970s. The
semiconductor business has been a spine of the current day technology as a rule and customer
electronics specifically. The accomplishment of this industry is the normally contracting
device feature size [8]. Which overall contributed to the high performance and at financially
conceivable expense. To make an impact on consumer application, the devices need both
flexibility and scalability for the semiconductor industry. In the past, we have witnessed that
the scalability was addressed using new and improved technologies and techniques [9]. The
“More than Moore’s” approach is the idea behind this industry shift as shown in Fig 1.1. In
real world the use of these devices becomes more targeted and application specific as with
the passage of time the devices become miniaturized. As the semiconductors market is
expending it requires more advancements requiring devices to be portable, flexible, bendable,

and compact for medical, civilian and military applications [10]. This is also desirable to
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meet up with the International Technology Roadmap of semiconductors (ITRS) node

requirements [11].
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Fig 1.1: More than Moore’s approach [11]

Intemet of things is a trendy concept in which the portable and small devices are used as
sensors and can be remotely controlled and accessed. These devices are connected with each
other to exchange data providing an opportunity to design accurate, maintenance free, self-
powered and efficient systems. Due to heavy demand in market on board energy is required

for Wearable electronics, internet of things and wireless sensor networks [12].

1.3 Flexible devices

In recent years the requirement for flexible and wearable electronics is very much in the
market. Fig 1.2 shows a road map for flexible substrates and products [13]. Consumer
portable Electronics devices are becoming lightweight, wearable and flexible [14, 15].
Recently a lot of work is going on stretchable and flexible substrates for applications in
electronics [16], organic and inorganic transistors [17,18]. CMOS [19, 20}, memory [21,22],
antennas [23,24] and triboelectric nanogenartors [25], efc.

The other aspect of this technology advancement 1s the requirement of such structures that



can “store charge” and “drive” such flexible and stretchable devices with lightweight, thin
and conformable properties [26,27]. On the other hand the demands for the storage of high
energy that can be used at once will be the major source of inspiration that needs to be

researched [28].

unbreakable curved wearable foldable
smartphone smartphone devices handhelds

unbreakable unbreakabile unbreakable unbreakable
plane bended rollable foldable

R>10mm R=5~10mm R<Imm
R: radius of curvature

flexible substrate] (flexible products)

Fig 1.2: Road map of flexible praducts and flexibie substrates [13]

Wearable and flexible electronics brings a revolution even in medical field while away from
hospital. Healthcare has two major classes as textile electronics and on-skin. Fig 1.3 shows
explains the concept of wearable and flexible electronics in which an electronic textile suit is
attached to human body for wireless sensing that monitors the temperature of skin surface,
respiration and heart rate. Electronic strips are made by customized fabric to make it
stretchable and flexible and can be connected to sensor ICs and interconnects. Double layer
Flexible printed circuit boards are developed by using the interconnects and sensor ICs with

washable encapsulant and passive component assembly. The Fig also represents the
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prototype of electronic textile suit [29].
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Fig 1.3: Illvstration of flexible Devices attached to humans through textile channel for stretchable-flexible
electronic strip to measure the temperature and accelerometer to measure the respiration and heart beat [29]

1.4 Energy Storage Devices

The widely known energy storage devices are batteries and capacitors which are the most
common as well. Batteries provide long duration of energy storage with higher energy
densities but low power densities while capacitors provide very high power densities but very
low energy densities.

The application of secondary batteries also called rechargeable batteries are from medical
implants to toys. The issues with batteries are that they are not safe for environment, lower
lifecycle, taking more time to charge, lower power densities and having heating problem.

They also have large internal resistance, higher volume, poor transient response and weight



[30]. Fig 1.4 shows Ragone plot for different types of energy-storage devices with respect to

power densities and energy densities [31].
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Fig 1.4: Ragone plot for different types of energy-storage devices [31]

Alot of work is done on the development of rechargeable batteries in past few years. But the
power density of batteries are low as compared to supercapacitors, because of limited cations
diffusion of electrodes [32]. For reliable and continuous operations on a chip, energy storage
components plays a vital role by providing power. Hence, increasing a strong demand of
compact energy storage device having small size and still providing high energy for
operation. Supercapaciator including pseudo capacitors and Electrochemical Double-Layer
Capacitors (EDLCs) provide fast surface reaction of electrodes, higher power density and

fast delivery of energy [33]. Fig 1.5 Show the comparison between the properties of batteries

and supercapacitor [34].
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Fig 1.5: Comparison between the Properties of Batteries and Supercapacitor [34]

1.5 Supercapacitors

Capacitors and batteries are not providing enough power densities and energy densities to
applications which require high power and energy density. This lead scientists to investigate
a new energy storage device which will provide high energy and power density called as
supercapacitors (SCs). It provides high specific capacitance, economic friendly
characteristics, fast charge discharge capabilities and extremely high storage capabilities. A
lot of research is going on supercapacitors making it closer and alternate to conventional

batteries [35-37].

Development of nanostructured electrode material is the promising approach for the progress
in technology of supercapacitor. One, two, and three dimensional nanosturctures are
developed for designing electrode materials for better performance. Supercapacitors are
divided into three categories electrochemical double layer capacitors (EDLCs),
Pseudosupercapacitors and hybrid supercapacitors. The overview of supercapacitor types is
shown in Fig 1.6 [38]. Power and energy density debate is rate-determining step for the

development of SCs,
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Fig 1.6: Overview of the types and classification of supercapacitors [33]

As per literature no material is “ideal” for fabrication of supercapacitor as every material has
its own pros and cons as shown in Table 1.1. Carbon based supercapacitors,
stability and high power density, but they are not suitable for applications requiring high
energy density. Carbon material shows higher life time as compared to metal oxides and
Conducting Polymers (CPs). While the conductivity of carbon and CPs is also very high as
compared to metal oxides, these carbon materials show high chemical stability., CPs show
high energy density as compared to carbon based materials. The efficiency of carbon based

materials is greater than CPs due to their high stability. CPs are preferred due to its high

Asymmetric

Pseudo/EDLC

Composite

Rechargeable

Battery-type

flexibility and can be used in flexible applications [39].

show high
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Table 1.1: Comparison of physicochemical properties of the various supercapacitor materials [39]
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Non faradic capacitance LoD S0 [ w

Faradic capacitance . 2R 2TeC

Conductivity s Yol :] @ [l Rl 3

Energy density o DD g

Power density Qe 3] il

Cost o D00 o

Chemical stalility (e Y] 2 Rl

Cycle life QCOQ 20 e

Easy fabrication process faya) @ oo

Flexibitity o . ce

Very high, & @ & ©; high, ¢ © ©; medium, @ ¢! low. O: very Low. .

So far, supercapacitors are widely applied to the fields of vehicle mobilization, energy storage
and electronic products with considerable markets. Unfortunately, these markets are heavily
occupied by leading manufacturers from America, Japan and Korea. It is thus greatly
imperative to develop independent core technologies for the advancement of scientific

research and addressing the needs of the national economy.

1.5.1 Application of Super capacitors

Supercapacitors can be fully charged/discharged in seconds or minutes as they possess
inferior energy density but higher power density as compared to the batteries. Stretchable
supercapacitors can be used in tablets, laptops, cameras, mobile phones and many smart and
portable electronic devices as shown in Fig 1.7 [40]. Long life cycle gives supercapacitors
very big advantage, which is comparable with functional devices. In large scale application

high power density of supercapacitors and high energy density of the batteries can be



combined to ensure sufficient power supply.
LEDs, compact DC motor device, remote keyless entry (RKE) system, smart meters, power

supply for audio equipment’s, communication, security and health care devices.

1.5.2 Demand

Such supercapacitors that can deliver low ESR levels in a thin package and discharge
electricity with a large output of watts. Portable devices will become more multi-
functionalized scaled and light weight to fully realize the benefits of internet of things (IoT).
On the other hand, when a smart device becomes multi-tasked (multi-functionalized), it tends
to consume high power at peak operation. Thus we must leverage energy storage solutions
that may be mountable in a limited space. Supercapacitors, which exhibit high capacitance
and high output may achieve this. When these devices are used as an auxiliary power supply
during peak output, they are likely to reduce the supply unit size, improve overall

performance and add a higher output function.
1.5.3 Industry

IOT, WSN, are add the core of IOT, composed of nodes (few to thousands) where each node
is connected to one (or sometimes several) nodes. Currently; WSN, are typically powered
with a primary battery. This becomes problematic, when sensor terminal/nodes number in

thousand on the network.
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Fig 1.7: Application of supercapacitors [40]

1.6 Gap Analysis and Issues

Although the technology of supercapacitors seems like a perfect step forward that may one
day replace the existing conventional battery storage devices but the term coin as
supercapacitor as a storage device is not without problems.

Effect of temperature on the performance of the supercapacitors i1s one of the main issue that
is needed to be addressed in the making of such devices. Ideally a stable performance is
required over a wide operating temperature. Alongside the operating temperatures the
altogether life time is also an important issue that is needed to be addressed. The
supercapacitors are required to perform over longer period of time so that the cost of their
purchase and maintenance can be justified. A gradual decay in the performance is expected
but this can be hindered with the longer working hours. The supper capacitors are required
to be stable, {lexible and fast. This means that they when connected with the power system,

the cycling of the device gets fast enough that out last the current Lithium-Ion batteries.
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Cycling is one of the routine test that the power devices go through to access their
performance.

Being a power storage device frequency response of supper capacitor is also a term that
needed quantification. How quickly the capacitor is charging and what is the output
characteristics of the device in the form of voltage. Since the supper capacitor charging is not
a chemical reaction, this means it can charge and discharge at the same time. The idea of this
exquisite feature relate to the different methods that can be used to charge the supper
capacitor. The detail analysis is required to access the methodology of supper capacitor
charging. The overall efficiency of the supper capacitor device and supper capacitor itself is
a study of careful measurements to accurately judge the device efficiency and value. All these
problems are the potential thread to any supercapacitor device that may be required to
compete in the current power storage era [41-46].

1.6.1 Solving the Problems: Motivation

The overall research framework for global supercapacitor’s industry can be presented in the

following scheme:

( * Combining a secondary battery (lithium ion A
. for instance) plus energy harvester (solar
Sensor being powered cell, piezoelectric generator, seeback
generator etc).
- J J
a8 "\ e« Energy harvester typically can’t generate )

large amount of power

* Secondary batteries require recharging plus
possible interval resistance that may hinder
sufficient charging by the harvester.

Practical Issues:

(
NS

N ¢ Longer cyclic life, minor internal resistance,
combination of EDLCs and harvester which
is effective replacement of battery powered
sensor devices.

* Very good temperature characteristics
/ (ability to operate in frozen ambient)

Solutions:
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Supe rca paCitOfS *Extremely high pulse power, capacitance deverities,
gOOd fOf rapid charge/discharge capabilities
-
4 . N
SupercapaCItors *Design to achieve significantly extended battery life
provide/ ;pans, back up times when used with the secondary
attery.
supports
/
Superca paCitOrS «In energy harversiting, instantaneous power pulse,
power hold up circuits of NG energy systems (desighed
are broadly to satisfy challenging power, size, cost and efficiency
emp|oyed requirements), and quick charge applications
~ ™
NG energy )
* solar, wind, hydropower, vibrational and RF
Systems Issues energy systems). All suffer, currently, from a
and Relevance great deal of wasted energy that
f supercapacitors may be able to effectively
o harvest.
Ksu percapacitors J
4 R

Motivation to
design efficient
and effective
energy systems

/

¢ in response to the improved and
increasingly tested employment of SCs,
supplier’s throughout the passive
compenent industry are striving hard to
maximize. The energy and power density of
these devices while continuing to limit their
ESR.

\

4

“Supercaps” have been used to fill the gap between an electrical power failure and startup

of backup generator.

1.7 Problem Statement

Since the energy storage and power demand for the consumer market is in the ever increasing

trend, semiconductor electronics industry is looking for generic structures that are equally
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powerful in storing energy and are equally reliable and flexible for universal integration into
the systems.

The problem/issues in this emerging research are the applicability of device design, process
strategy, and optimization of output characteristics and integration of such device design in
the energy systems in terms of flexibility, capacity and system level performance etc. The
proposed problem is aimed to develop a new design and process strategy for supercapacitors
based on the stretchable organic electronics for subsequent energy storage applications,
relevant to the power requirements of system level IoT implementation. This is thought to be
done with the help of design engineering materials exploitation, novel fabrication routines
(development of prototype supercapacitors including sandwich, planar and fiber structure)
and rigorous testing and evaluation in order to qualify the future requirements of energy
electronics regimes.

The overall study aimed may bear important scientific meanings in furthering the
development of device designs and process integration of stretchable supercapacitors that can

act as a source of power and energy for future devices and systems.

1.8 Objectives of the Research

The scope of this work revolves around two main objectives:

» Detailed literature review about the variants of design and manufacturing methods for
the fabrication of stretchable supercapacitors based on polymers and preparation and
characterization of stretchable conducting polymers with acceptable physical
properties for the subsequent development of supercapacitors.

» Device fabrication and characterization of stretchable polymer-based supercapacitors,
followed by detailed analytics (analysis of relationships between device design and
performance) inclusive of the investigation of both the Alternating a Direct current

analysis in special preview of testing of such type of supercapacitors.
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1.9 Structure of the Thesis

Thesis is systematically divided into six chapters. Chapter 1 provides the basic introduction,
which is critical to comprehend the foundation of fabrication and characterization of
stretchable supercapacitors for energy system applications. Chapter 2 clarifies a portion of
the key ideas which are critical to form the theoretical basis of the problem and thesis.
Chapter 3 enlists and review research and studies taken up in fabrication and characterization
of stretchable supercapacitors for energy Systems applications, whereas Chapter 4 gives an
insight to the experimental techniques used in this work. In Chapter 5 four distinct approaches
are used to conduct a systematic study on problem. Experimental details, findings and
discussion is presented in this chapter. The case wise conclusion and corresponding future

work has been elaborated in Chapter 6.

1.10 Summary

With depleting fossil resources and growing energy demands discovering reliable,
environmental friendly, low cost, and sustainable energy adaptation and storage systems
stays a key challenge across the globe. Thus Energy needs to be produced, transmit, and store
it as its huge amount is required by today’s society and most importantly this energy need to
be delivered at any time. Due to heavy demand in market on board energy is required for
Wearable electronics, internet of things and wireless sensor networks. The other aspect of
this technology advancement is the requirement of such structures that can “store charge”
and “drive” such flexible and stretchable devices with lightweight, thin and conformable
properties. The widely known energy storage devices are batteries and capacitors which are
the most common as well. Batteries provide long duration of energy storage with higher
energy densities but low power densities while capacitors provide very high power densities
but very low energy densities. Supercapacitors (SCs) provides high specific capacitance,

economic friendly characteristics, fast charge discharge capabilities and extremely high

15



storage capabilities. A lot of research is going on supercapacitors making it closer and
alternate to conventional batteries. Effect of temperature, cycling and life time is one of the
main issue that is needed to be addressed in the making of supercapacitors. The supper
capacitors are required to be stable, flexible and fast. The proposed problem is aimed to
develop a new design and process strategy for supercapacitors based on the stretchable
organic electronics for subsequent energy storage applications, relevant to the power
requirements of system level IoT implementation. This is thought to be done with the help of
design engineering materials exploitation, novel fabrication routines (development of
prototype supercapacitors including sandwich, planar and fiber structure) and rigorous testing
and evaluation in order to qualify the future requirements of energy electronics regimes. The
overall study aimed may bear important scientific meanings in furthering the development of
device designs and process integration of stretchable supercapacitors that can act as a source

of power and energy for future devices and systems.
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Chapter 2

Background Theory

2.1 Introduction

This section clarifies a portion of the key ideas which are critical to comprehend the
foundation of fabrication and characterization of stretchable supercapacitors for energy
system applications. It will also help to study the internal structure and working principle of
different types of supercapacitors specifically conducting polymer based supercapacitor. It
will help us understand the electro-chemical energy conversion and storage systems along
with energy storage mechanism of rechargeable battery, Electrostatic Double Layer
Capacitors (EDLCs) and pseduocapactiors. An account of stretchable substrates are also
explained to emphasize the stretchable and foldable supercapacitors energy system
applications. The concepts of Equivalent Series Resistance (Rgsg) and self-discharge

resistance Rp are also elucidated to understand the equivalent circuit of supercapacitors.
2.1.1 Electrochemical Energy Conversion and Storage Systems

Supercapacitors, fuel cells and batteries are major part of our life in various applications. Due
to huge demand of energy in various application we need to store harvested energy.
Supercapacitors are energy storage devices used for variety of energy and power requirement
while bridging the gap between batteries and capacitors [47]. Supercapacitors materials don’t
need maintenance, making it highly stable. Supercapacitors are having small size, cost
effective, long cycle life, high power density and higher energy density then conventional
capacitors. High efficiency and reusability of electrochemical energy conversation has

attracted a lot of attention [48]. The story behind the history of development of supercapacitor
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is charge storage mechanism as illustrated in Fig 2.1, starting from Leyden jar Ewald Georg
von Kleist in 1745 to the development of modern theory of EDLC between liquid electrolytes

and two metal electrodes [49].
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Fig 2.1: Historic timeline for the development of supercapacitors [49]

Due to developments of advance characterization methods and Nano-science, many

“f

electrochemical and physical phenomena were developed for pseudocapacitive and EDLC
systems. For further study, the charge storage mechanism of pseudocapacitance and EDLC

are clearly in need.
2.2 Energy Storage Mechanism

The energy density debate has gradually become the rate-determining step of developing
processes in this field. Supercapacitor consists of two plates like ordinary capacitor divided
by dielectric as an electrolyte inside the plates creating double layers and creating the ability
to store more charge in few seconds and long life cycle as shown in Fig 2.2. Electrochemical
reactions occurs by versatile, clean and efficient electrical charge which acts as oxidizing and

reducing agent. Due to ion moment between the electrodes the charge storage is rapid [50].
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Fig 2.2: Schematic illustrations of supercapacitor [50]

2.2.1 Electrostatic Double Layer Capacitor (EDLC)

Electrostatic Double Layer Capacitor is simplest and most commercially available
electrochemical capacitor, storing charge electrostatically {51]. EDLC store charge by
absorbing the electrostatic charge between electrolyte and electrode interface. Electrolyte
solution is ion-conductive in which the conductive electrodes are immersed making a double
layer due to arrangement of charges at the interface of electrode and electrolyte [52-54]. Two
opposite charges are created when we dip electrodes into the electrolyte solution and these
opposite charges are responsible for double layer. One charge polarity layer
(positive/negative) is formed while other layer with opposite polarity layer is formed in
electrolyte solution. These layers are separated by water molecules or solvent and working
as dielectric. When supply is connected to electrodes, these layers starts getting charged. The

process is schematically shown in Fig 2.3 [55, 56].
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Fig 2.3: Charge Storage mechanism of EDLC Supercapacitor [535-56]

Due to higher surface area and very small charge separation distance of the magnitude of few
nanometers, the EDLCS show higher storage capabilitics of electrical energy as compared to
conventional capacitors. EDLCS used carbon-based active materials like carbon
nanomaterials [57, 58], carbon nanotubes [59, 60], activated carbons [61, 62], graphene[63-
65] and carbon aerogels [66] showing desirable reliability and higher specific surface areas.
The process of formation and relaxation of double layers occurs very quickly of the order of

~107% seconds [67].

EDLC capacitance can be calculated according to Equation 2.1 [68].

_ &t
C===4 (2.1)

Where £ is the permittivity of vacuum, & is relative permittivity of liquid electrolyte, dis
the effective charge separation distance between electrical double layers also known as debye
length and 4 is the effective surface area of electrode materials which are available to the
electrolyte ions. EDLCs charge/discharge process does not involve any Faradaic reactions as
it only requires charge rearrangement, hence responding immediately to any potential

change. Electrical double layers effective thickness depends on the size and concentration of
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solvation shell and electrolyte ions, ranging from 5—10 A [69]. The specific capacitance of
EDLCs depends on relative permittivity of electrolyte medium and effective capacitance.
Specific capacitance is considered to be from 10 to 21 pF cm™ [70]. High capacitance of
300-550 F g is achieved due to carbon materials high specific area of 1000~ 3000 m? /g.
The specific capacitance achieved practically is around ~100-250 F g~' which is limited
because of unavailability of surface sites and finite conductivity. In market the EDLCs can

store charge in range of 3—10 Wh kg™! [71].
2.2.2 Electrochemical Pseudocapacitor

As compared to preliminarily commercialized EDLCS, electrochemical pseudocapacitors |
show higher energy densities because of superficial redox reactions charge/ discharge |
mechanism. Pseudocapacitors are based on conducting polymers and/or transition metal
oxides. Accumulative charge is stored rapidly and behaves like a capacitance, as a result of
redox reaction in the bulk of a material [72]. EDLCs uses surface layer to store charge while
pseudo capacitors redox reaction occurs at the bulk of the material. That is why pseudo-
capacitors have higher per weight unit of capacitance as compared to EDLC. The redox
reactions at the material bulk improves the storage of energy due to conducting polymers
(CPs) and can store the charge in a superior manner which prompts high energy density [73].
On the other hand, there are many advantages of CPs in comparison to their drawbacks
relating to the EDLCs and batteries because the electron transfer kinetics show faster
behavior than other materials including metal oxides (Pasquier, et al., 2002) [74].

Pseudocapacitance (C) can be calculated according to Equation 2.2 [75].

_ d(Ag)
C= a@av (2.2)

Where d(Aq) is derivative of charge acceptance and d(AV) is derivative of changing

potential. Energy is stored fardacially in psuedocapacitors and depends on reversible and fast
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electrochemical redox reactions same like batteries. The electronic charge is transferred
between electrode and electrolyte ions. Two electric double layers by the molecules of
electrolyte are formed to store the charge between the electrode and electrolyte. Absorbed

and de-solvated ion is responsible for charge transfer between electrolyte and electrode. In

f

contrast to batteries only top surface of electrode is utilize as redox reaction because there is
no chemical reaction of absorbed ion with electrode because of only charge transfer making
it more stable and reliable [76, 77]. Fig 2.4 shows the charge storage mechanism of

psuedocapacitor.
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Fig 2.4: Charge Storage mechanism of Pseducapacitor [76, 77]

2.2.3 Hybrid Supercapacitor

Hybrid supercapacitors are the type of supercapacitor having more energy storing capability
and high capacitance. It is basically the combination of propertics of components of

pseudocapacitor and EDLC, that is having fetched much attention [78]. Numerous
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possibilities are available with more importance to electroactive and conducting components
leading to higher energy storage [79]. Energy storage mechanism of hybrid supercapactior is
constituted by the combination of two storage mechanisms EDLC and pseudocapacitor. One
half part behaved like pseudocapacitor and the other half behaves like EDLC. That why
hybrid supercpacitor has higher power and energy densities then normal pseudocapacitor and
EDLC. Due to these properties they are favored in energy efficient systems as compared to
other storage devices [80]. Fig 2.5 shows the charge storage mechanism of hybrid

supercapacitor.

Li-based sait LI* ions

Fig 2.5: Charge Storage mechanism of hybrid supercapacitor [81]

From Fig 2.5 it can be seen that the hybrid supercapacitor is having two electrodes, one is
Carbon based electrode and the other one is lithium based electrode. Hybrid supercapacitors
shows better properties when two different material electrodes are combined as compared to

individual one [81].
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2.3 Stretchable Supercapacitor

The field of stretchable devices has been advancing quickly during the last few years, from
the view point of developing basic enabling technologies, exploring device system and
creating new application opportunities. Stretchable electronic devices could offer the
function of established technologies, when these devices are attached with mechanical
attributes like stretching, twisting and bending, and still retain its operating properties upon
deformation [82, 83]. These mechanical properties leads us to a range of applications like
soft surgical instruments [84], eyeball digital camera [85], health monitors [86] and sensitive
robotic skins [87]. To complete the entire package of integration of stretchable devices, there
is also a need for developing stretchable energy storage system. There are two methods for
stretchable energy storage systems: (a) development of novel materials that can be
intrinsically stretchable for electrodes and electrolytes [88-90], (b) development of novel
structural design for diverse integration of soft and hard components for to stretchable device
structures [91-93]. Four strategies have been exploited for structural design to achieve
stretchable supercapacitor: (a) Wrinkled, wavy design using prestrain in soft elastomeric
substrate [94-96], (b) serpentine bridge-island design [97], (c) origami design using crease
patterns [98], and (d) fractal inspired bridge-island design using photolithography technology
[99]. Fig 2.6 show these four design strategies for stretchable supercapacitors [100]. A lot of
efforts have been done for the development of analytical and computational models for every
individual strategy. These strategies are developed by few assumptions, and might not be
able to sustain properties under extreme conditions for new applications. That is why there

are still a lot many opportunities and open challenges for future research.
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Fig 2.6: Four design strategies for stretchable supercapacitors (a) wrinkled and wavy design (b} Serpentine
bridge-island design {c) Origami design (d) Fractal inspired bridge-island design [ 100]

2.4 Electrode

Electrode plays an important role on the performance of supercapacitor. It is the most
important task to search for the best electrode material with excellent properties and
petformance. The properties of supercapacitor depends on the interaction of electrode
material with the electrolyte, determining the thermal and electrical properties of
supercapacitor [101]. The electrodes must possess high chemical stability, processability,
good conductivity, temperature stability, maximum corrosion resistance, low cost,
environmental friendly, and controlled pore structure [102]. Capacitance of supercapacitor

can be increased by capacity of material due to faradic charge transfers [103].
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2.4.1 Carbon materials

Carbon materials are widely used as electrode material due to its non-toxicity, abundance,
excellent electronic conductivity, easy processing, large specific surface area, wide operating
temperature range and high chemical stability [104]. Numerous carbon based materials like
carbon nanotubes (CNTs), activated carbons, graphene, porous carbon, carbon black,
graphite, carbon aerogels, and mesoporous carbon, have been reported in as electrode
materials for EDLCS in past few years. Porous activated carbons delivers capacitance of 100
Fg! and 200 Fg'!. They are used conventionally as an electrode material with huge specific
area of around 2000 m?g’!. By increasing the specific surface area, charge accumulation
capacity is increased at the interface of electrode and electrolyte [105]. The carbon materials
used as electrode must have three properties: (a) more than 1000 m? g' specific surface area,
(b) High conductivity of inter and intra -particle, and (c) extraordinary electrolyte
convenience to intra-pore space of carbon based electrode materials [106]. Carbon nanotubes
are also being considered as a candidate for electrode material due to its chemical stability
and high conductivity. But lower specific area of CNTs provides lower capacitances of
around of 30 F g! in organic electrolytes [107,108]. Different type of carbon and carbon
based materials used as electrode materials for supercapacitors with electrolytes used and
specific capacitance are summarized in Table 2.1. It shows that activated carbon provide

much higher specific capacitance than all other carbon based electrodes.

Table 2.1: Carbon based electrode materials with specific capacitance

Electrode Cap Fg'! Electrolyte Ref.
Activated carbon 200-400 Aqueous (NaOH/KOH) [109]
Carbide Driven Carbon 100-150 Ionic Liquids (KCI/NaCl) [109]
Carbon black <300 Aqueous (NaOH/KOH) [109]
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Templated Carbon 120-350 Aqueous (NaOH/KOH) [110]

Carbon Aerogels/xerogels 40-200 Aqueous (NaOH/KOH) [110]

Carbon Nanotube 20-180 Aqueous (NaOH/KOH) [111]

Activated Carbon Fibers 180-210 KOH [112]

Mesoporous Carbon 180 KOH [113]

Graphite and Reduced Graphene 10-150 Tetraethylammonium [114]
oxide (rG0) tetrafluoroborate (Et4NBF4)

2.4.2 Metal oxides

Metal oxides provides much higher specific capacitance as compared to carbon based
electrode materials. Metal oxides provides pseudocapacitance form adsorption and
desorption of ions and also from faradic redox reaction at the interface of electrode and
electrolyte [115]. After reviewing previous literature it is observed that metal oxide electrode
materials development are of three types: (a) Mn-based Materials, (b) Ru-based materials,
and (c) nickel or cobalt based material. During last few years various metal oxides have been
widely investigagted as electrode materials like RuO2, MnQ,, H,O, Fe;03, IrO;, V20s,
C0304, SnO; and few hydroxides and their composites like Ni(OH), and Co(OH); [116].
Different type of metal oxide materials used as electrode materials for supercapacitors with

electrolytes used and specific capacitance are summarized in Table 2.2.

Table 2.2: Metal oxide and hydroxides based electrode materials with specific capacitance

Electrode Materials | Cap Fg! Electrolyte Ref.
RuO; 650-735 H>SO4 [117]
Ni(OH). 578 KOH [118]

V205 262 KCL [119]
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MnO; 261 K>SOy [120]

TiN 238 KOH [121]

MnFeO; 126 PFs [122]

From Table 2.2, it can be seen that RuO; provides maximum specific capacitance and show
remarkable performance. The use of RuO; is limited due to huge cost and harmfulness to
environment, that’s why these electrodes are excluded from the wide range of supercapacitor
applications. The low cost of MnO> and high theoretical capacitance value ranging from 1100

to 1300 Fg!, make it promising alternative material [123].
2.4.3 Conducting polymers

Conducting Polymers (CPs)-based pseudocapacitors have shown remarkable achievement in
flexible and portable supercapacitor applications due to high conductivity, extraordinary
redox active capacitance, and intrinsic flexibility [124-126]. CPs are organic polymers with
high electrical conductivity and shows higher capacitive behavior due to the fact that the
redox reaction occurs throughout the bulk, along with the surface of the material. In past few
years CPs are widely used due to reversible nature, higher charger density and very low cost
when compared with metal oxides [127,128]. CPs includes polypyrrole (PPy) [129], poly
(3,4- ethylenedioxythiophene) (PEDOT) [130,131], polythiophene (PTh)[132], and
polyaniline (PANI)[133-134] as electrode materials. Poly (3, 4-ethylene dioxythiophene)
polystyrene sulfonate (PEDOT: PSS) and 3, 4-Ethylenedioxythiophene (EDOT) are two
major types of PEDOT. They are readily available and easy to process into 3D structures and
thin films. Chemical oxidization and electrochemical polymerization of monomer 3, 4-
Ethylenedioxythiophene (EDOT) are used to produce PEDOT [135-138]. PEDOT cannot be

processed in water due to its hydrophobic nature. Spray coating, drop coating, ink-printing,
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and spin coating are diverse methods used for processing PEDOT: PSS. The performance of

PEDOT: PSS film is dependent on electrical conductivity. Film thickness and additives are

major variables that affect the electrical conductivity [139]. For energy storage, redox

reactions occur due to the involvement of only a few nm-thick surface layers. To achieve

high energy density large surface area will promote the utilization of electrode materials.

Different type of CPs used as electrode materials for supercapacitors with electrolytes used

and specific capacitance are summarized in Table 2.3.

Table 2.3: Conducting Polymer based electrode materials with specific capacitance

Electrode Materials Cap Fg'! Electrolyte Ref.
40-588 Aqueous
Polypyrrole (PPy) [140,141]
20-355 Non Aqueous
120-1530 Aqueous
Polyanaline (PANI) [142]
100-670 Non Aqueous
100-250 Aqueous
Poly(3,4-ethylenedioxythiophene) 121 Non Aqueous [143-145]
(PEDOT)
130 Ionic Liquid
Polythiophene (PTh) 1.5-6 Non-aqueous [146]
Poly(4-flourophenyl-3-thiophene)
10-48 Non-aqueous [147]
(PFPT)
20-220 Non Aqueous
Poly(3-methyl thiophene) (PMT) [148, 149]
15-225 lonic Liquid

It can be seen from Table 2.3 that PANI shows higher specific capacitance value. When PANI

is preopared by chemical method it shows capacitance of 200 Fg™' and when prepared by
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electrochemical method it shows specific capacitance above 1500 Fg™' [142). Thickness of
electrodes and morphology are the reason behind this variation [150]. Table 2.4 shows the

comparison of different properties of electrode materials.

Table 2.4: Comparison of different properties of electrode materials.

Conducting
Phvsicochemical nglt; (:lt'rl;:lzed Metal Oxide based Polymers
y ¢ . Electrode materials | based Electrode
materials .
materials
Non Faradic Capacitance XXX XX X X X X X X
Faradic capacitance X XXX XX % X X X X
Conductivity XXX XX % % % 5% X X% X
Power density XX XX % X XXX
Energy density XX XXX X XXX
Cost XXX XX XX XXX
Chemical stability XX XXX XX XXXX
Cycle life XX XXX XXX XXX
Ease of fabrication
XXX XX XXXX
process
Flexibility X XX X XAXX
Very High X X X X X, High X X X X, Medium X X X, low X X,very Low X
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It can be seen that non faradic capacitance is more in carbon materials, while metal oxides
and conducting polymers shows faradic capacitance. Conductivity of carbon and CPs are
higher as compared to metal oxides. Carbon based materials show lower energy density and
higher power density, while metal oxides and CPs show higher energy density and lower
power density. Cost of metal oxides is higher than carbon and CP based materials. Carbon
based material shows very high stability, while CP shows high stability as compare to metal
oxides as they show very low stability. Carbon Based material shows very high cycle life,
while metal oxides and CPs shows lower cycle life. CPs are easy to fabricate as compared to

carbon and metal oxides. CPs shows much higher properties for stretchable supercapacitor

[151].
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Fig 2.7: Comparison of specific capacitance of different electrode materials for supercapacitors [152]

Fig 2.7 shows comparison of specific capacitance of different electrode materials for

supercapacitors. It can be seen from Fig 2.7 that Carbon based materials shows capacitance
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under 300 Fg!, while CPs and metal oxides capacitance is around 1000 Fg'. Apart from
these three types of materials composite materials (combination of two or more materials)

shows much higher capacitance around 2000 Fg™' [152].
2.5 Electrolyte

Electrolytes are considered to be the most powerful and main component of supercapacitor,
performance of supercapacitors are also dependent on them. Electrolyte including salt and
solvent, provide ion conductivity and charge compensation on to the electrodes of
supercapacitors. Electrolyte comprises of dissolved chemicals and solvent that make positive
and negative ions making it conductive. And this electrical conductivity is dependent on the
number of ions present inside the electrolyte [153].Electrolytes plays an important role
supercacpacitors properties like rate performance, cycle life, internal resistance, power
density, energy density, toxicity and self-discharge [154]. Fig 2.8 shows the Role of
electrolyte on the properties of electrochemical supercapacitor (ES). Ideal electrolyte require
properties like (a) high ion conductivity,(b) wider voltage window, (c) stability, (d) internes
to electrodes, (¢) environment friendly, (f) low cost and (g) low volatile and (h) low
flammability [155]. It’s hard to achieve all these properties making a lot of opportunities for

researchers.
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Fig 2.8: Role of electrolyte on the properties of Electrochemical Supercapacitor (ES) [155]
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Fig 2.9: Electrolyte Classifications [155]

Electrolytes are classified into few categories organic, aqueous and non-aqueous, ionic
liquids, redox electrolytes, and solid state or quasi solid state [156]. Classification of

electrolytes are shown in Fig 2.9,
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2.6 Supercapacitor Systems

Supercapacitor consists of two electrodes as we already studied earlier, by configuration
amendment of these electrode materials, supercapacitors can be divided into two categories:
Symmetric and asymmetric supercapacitors.

2.6.1 Symmetric supercapacitors
When two identical/same electrodes are used in a supercapacitor, they are known as
symmetric supercapacitors. Fig 2.10(a) shows the schematic illustration of symmetric

supercapacitor, in which two identical electrodes are used i.e. Mn-CuO [157].
2.6.2 Asymmetric supercapacitors

When the electrodes are of different types in supercacpacitor they are known as asymmetric
supercapacitors. Fig 2.10(b) shows the schematic illustration of asymmetric supercapacitor,

in which two different electrodes are used i.e. Mn-CuO and activated carbon [157].

Fig 2.10: Schematic illustration of (a) Symmeiric supercapacitors () Asymmetric supercapacitors [157)]
27 Equivalent Circuit Model (Randles Cell) of the Supercapacitor

The complexity of charging and discharging nature of any supercapacitor has still not

properly been understood due to the complex nature of electrolytic behavior of monomers
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under charging and discharging mode of operation. Literature [158], has suggested that for
the charge flow in supercapacitors, a Randles cell of an equivalent circuit model is very
popular for the ionic behavior at the electrolytic and electrode interface levels and is shown
in Fig 2.11. In Fig.2.11; ‘Resg’ is the equivalent series resistance, ‘Rp’ is the parallel
resistance (also known as self-discharge resistance) and ‘C’ is the value of said

supercapacitor.

REsr

—AMN\

4

Fig 2.11: Equivalent Circuit Model (Randles Cell) of the Supercapacitor [158]

2.8 Defects in Crystals for electrical activation/deactivation of devices

Perfect crystal does not exist, they contain some defects. These defects contribute to the
physical and chemical properties of the material and electronic operation of a device. They
are classified into four groups, i.e. volume defect (three dimensional defects), surface defect
(two dimensional defects), line defect (one dimensional defects) and point defect (zero
dimensional defects) [159-160]. Volume defects are three dimensional defects, which can
occur during the process of crystal growth like occurrence of cracks in crystals. During the
growth, cracks are formed by small electrostatic dissimilarity between the stacking layers.
Surface defects are two dimensional defects occurs between two regions of crystal and it is
the region of distortion that lie about a surface. Surface defects can be classified further into
four categories, i.e, twin boundaries, grain boundaries, external surfaces and staking faults.

Line defects are one dimensional defects also called dislocation, it is the area where the atoms
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are misaligned or out of the position in the structure. These dislocations are further classified
in two categories i.e. Edge dislocations and Screw dislocations. Point defects are zero
dimensional defects that occurs when an atom is at irregular place or missing in the lattice
structure. They produce small strains in volume of the crystal. They are classified into four
categories, i.e. vacancies, substitutional defect, interstitial defect, and electronic defects.

Classification of defects are shown in Fig 2,12,

Crystal defects, impurity interstitial, dislocation, self-interstitial, d) cluster of impurity atoms,
extrinsic dislocation loop, small substitutional impurity, vacancy, intrinsic dislocation loop,

large substitutional impurity are shown in Fig 2.13 [161].

CLASSIFICATION OF DEFECTS IN CRYSTALLINE SOLID

Defects in Crystal
i

) ; } 1
Foint Defect Line Defect Surface Befect Voleme Defect

oD 1D D D
Yacanc Edge

y iy Graia Void

Schottky Dislocation Boundary
Interstitial - Crack
Frenkel sCerew Twin Inclusion
Swhstitational Dislocation Boundars Precipitate

Fig 2.12. Classification of defects in a crystalline structure [161]
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Fig 2.13: Crystal defects, a) impurity interstitial, b} dislocation, ¢) self-interstitial, d} cluster of impurity
atoms, €} extrinsic dislocation loop, f) small substitutional impurity, g} vacancy, h) intrinsic dislocation loop,
i} large substitutional impurity; {161]

2.9 Summary

Supercapacitors materials don’t need maintenance, making it highly stable. Supercapacitors
are having small size, cost effective, long cycle life, high power density and higher energy
density then conventional capacitors. High efficiency and reusability of electrochemical
energy conversation has attracted a lot of attention. Supercapacitor consists of two plates like
ordinary capacitor divided by dielectric as an electrolyte inside the plates creating double
layers and creating the ability to store more charge in few seconds and long life cycle.
Electrostatic Double Layer Capacitor is simplest and most commercially available
electrochemical capacitor, storing charge electrostatically. Electrochemical pseudocapacitors
show higher energy densities because of superficial redox reactions charge/ discharge
mechanism. Pseudocapacitors are based on conducting polymers and/or transition metal
oxides. Hybrid supercapacitors are the type of supercapacitor having more energy storing

capability and high capacitance. It is basically the combination of properties of components
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of pseudocapacitor and EDLC.There are two methods for stretchable energy storage systems:
(a) development of novel materials that can be intrinsically stretchable for electrodes and
electrolytes (b) development of novel structural design for diverse integration of soft and hard
components for to stretchable device structures. The properties of supercapacitor depends on
the interaction of electrode material with the electrolyte, determining the thermal and
electrical properties of supercapacitor. Carbon materials are widely used as electrode material
due to its non-toxicity, abundance, excellent electronic conductivity, easy processing, large
specific surface area, wide operating temperature range and high chemical stability. Metal
oxides provides much higher specific capacitance as compared to carbon based electrode
materials. Metal oxides provides pseudocapacitance form adsorption and desorption of ions
and also from faradic redox reaction at the interface of electrode and electrolyte. Conducting
Polymers (CPs)-based pseudocapacitors have shown remarkable achievement in flexible and
portable supercapacitor applications due to high conductivity, extraordinary redox active
capacitance, and intrinsic flexibility. Electrolyte including salt and solvent, provide ion
conductivity and charge compensation on to the electrodes of supercapacitors. Electrolyte
comprises of dissolved chemicals and solvent that make positive and negative ions making it
conductive. Electrolytes are classified into few categories organic, aqueous and non-aqueous,
ionic liquids, redox electrolytes, and solid state or quasi solid state. By configuration
amendment of these electrode materials, supercapacitors can be divided into two categories:
Symmetric and asymmetric supercapacitors. Perfect crystal does not exist, they contain some
defects. These defects contribute to the physical and chemical properties of the material and
electronic operation of a device. They are classified into four groups, i.e. volume defect (three
dimensional defects), surface defect (two dimensional defects), line defect (one dimensional

defects) and point defect (zero dimensional defects).
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Chapter 3

Literature Review

This section of the thesis enlists the research and studies taken up in fabrication and
characterization of stretchable supercapacitors for energy Systems applications. Extensive

review of such studies is provided in the following subsections:
3.1 Energy Density

Energy storage devices are required for the blooming mobile electronic devices market,
renewable off-grid energy sources, electric vehicles and many other such technologies.
Rechargeable batteries are preferred because of high energy density. The longer life time and
higher power density of the supercapacitors make them better than the batteries. As
compared to batteries, supercapacitors are preferable and more suitable for many
applications. Moreover, they can also extend the battery’s life time. Even after a lot of effort
done on energy storage devices during past few years, there are still some fundamental
questions which needed to be answered to find solutions to increase specific energy density
in these systems. The energy density debate has gradually become the rate-determining step
of developing processes in this field.

However, due to lower energy density of supercapacitors, batteries are still more preferable

for energy storage systems [162]. Energy density capacitance can be calculated according to

Equation 3.1[163].
1
E = 76‘172 (3.1)

The energy density depends on two major factors operating voltage range (V) and
capacitance (C). Energy density can be improved by enhancing the capacitance and operating

potential/voltage range. For this reason, a lot of research is going on electrode materials for
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enhanced energy and power density.
3.2 Stretchable Supercapacitors

The two main types of supercapacitors are electrical double layer capacitors (EDLCs) and
pseudo-capacitors. Carbon materials are used to make EDLCs and they possess superior
cyclic stability and mechanical strength. On the other hand, whereas pseudo-capacitors
demonstrate greater capacitance but limited durability and are based on Faradaic mechanism
[164, 165].

As the market is progressing, portable, wearable and flexible electronic devices, the rapid
development of flexible energy storage devices has undergone a lot of work. In flexible
supercapacitors, Energy is stored by the electrical charged at the interface of electrolyte and
electrode materials same like traditional supercapacitors [166-168]. They possess long cycle
life high power density, and fast charge/discharge capability, and they retain their properties
when deformation occurs. With the passage of time the researchers are focusing on the
flexible supercapacitors constructed from metal oxides, carbon Nano materials and
conductive polymers [169~172]. The supercapacitor made from electrodes of hybrid carbon
film gives more flexibility as compared to that provided by conventional sueprcapacitors.
They can tolerate temperature and can be stretched, bend up to 180°, or form origami
[173,174]. High durability is attained by the device due to which the after high deformation
at high temperatures the energy storage ability remains the same. The temperature is also
widen due to excellent electrochemical property device works at extreme temperatures
(=40 °C to 200 °C).The fabrication of a new, high rate, symmetrical, solid state EDLC
employed plastic crystal Succinonitrile (SN) based gel polymer electrolyte (GPE) and
graphenenano-platelets (GNPs) as electrodes. Due to the excellent mechanical properties, the

high ionic conductivity (~2 x10 * S cm™! at 20°C), electro-chemical stability window (~3.5
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V vs. Ag), thermal stability (-30 to 80°C), it is the most sutiable candidate as electrolyte in
electrical double layer capacitor (EDLC) [175].

From impedance analysis the high rate of the EDLC has been observed, in terms of low
reaction time (~791 ms), high terms of knee frequency (~58 Hz), and high pulse power (~16.4
kWkg™). The cyclic voltametric response indicated high scan rate of 1000 mV s ' capacitive
performance which additionally affirms the high rate execution of the EDLC.Up to ~ 3500
cycles after ~20% decrease in capacitance, EDLC offers almost stable performance, even
though low specific energy of EDLC is observed (E max ~ 8.2 Wh kg *') .High power density
is absorbed (P max >4 kW kg '), during the early charging and discharging sequences [176,
177].

Large area 2D novel carbon nano-sheets have also been produced using the Mg(OH);
powders and thiocarbanilide as carbon precursor and template. To enhance the capacitive
performance of supercapacitors, based on the cooperative effect,4-dihydroxyanthraquinone
(DQ) and hydroquinone (HQ), viewed as effective double redox added substances have been

joined into H2SO4 electrolyte and electrode carbon material [178,179].

Graphene-based all-solid-state supercapacitors are also been looked at thoroughly [180].
Fabricating flexible solid-state high performance supercapacitors with high volumetric and
capability to store significant energy, extreme conductivity, long term stability and robust
mechanical flexibility is a huge task. Different fabrication protocols are implied to achieve
such flexible all solid state supercapacitors.

Using redox/ active electrodes, advancement in supercapacitive performance [181, 182] in
conducting polymers have been observed in some interesting investigations recently. The
performance of rGO-PMo 12 symmetric device [183] is improvised significantly through the
inclusion of redox active species (hydroquinone) in gel-electrolyte. Using PVA-H,SOs gel

electrolyte a symmetric cell based on rGO-PW 12 electrodes was assembled which enhanced
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the cell performance. Moreover, range of potential 1.6 V providing 1.05 mWh/cm? energy
densitywas featured. PVA- H>SO4 gel electrolyte is enhanced using the redox-active
(hydroquinone), which was employed to get the further advancement in electrochemical
performance and ultra-high energy density. The energy density is found out to be 2.38
mWh/cm®. Consequently, the double hybrid approach is ensured and the development of
hybrid electrolyte (redox-active) based supercapacitors shows high performance and is found
promising [184-188].

Other studies include the use of manganese dioxide (MnQO;) for its ease of availability, low
cost, good stability and tunable capability [44-46]. Based on the mentioned capabilities of
MnO; it is investigated as a workable catalyst, oxidizing agent and electrochemical capacitor
material [189-193]. The textile industry uses dyes which is a major water pollutant with
severe environmental issues [194-196].

Energy storage device integration is an area in which a lot of work needs to be done. Highly
conductive textiles and single-walled carbon nanotube (SWNT) ink is used for “Dipping and
drying” process, with sheet resistance less than 1 £/sq and conductivity of 125 S cm™'. Strong
adhesion between the textiles of interest and the SWNTs is observed under outstanding
stretchability and flexibility. High specific energy and high areal capacitance up to 0.48F/cm?
were obtained while using these conductive textiles as supercapacitors. 24-fold increase of
the areal capacitance is achieved by loading of pseudocapacitor materials into these
conductive textiles. New design opportunities can be adopted for wearable electronics and

energy storage applications by using these highly conductive textiles [197].

3.3 Choice of Electrode materials for Stretchable Supercapacitors

To date, three choices are considered for constructing stretchable supercacpacitors electrode
materials, i.e conducting polymers, carbon, and metal oxides based electrode materials [198].

All these materials have their own advantages and disadvantages. Metallic materials have
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low capacitance but they have high intrinsic conductivity, which enhance the
charge/discharge speed but usually; carbon-based materials often have limited conductivity
and material processing but high capacitance due to high surface areas, conductive polymers
conductivity is not ideal but they offer good mechanical flexibility [104,115,128].
Capacitance, charge discharge efficiency, power/energy density, electrochemical/mechanical
stability and overall performance all depends on the electrode as it the most important part of
Super capacitors [199]. If we need to build stretchable supercapaictor, so we need to build
stretchable electrodes first, which requires novel structure designs and rational material
selection. But while designing stretchable electrodes due to stiff nature of bulk metal
materials, if we apply small deformation they lose their conductivity. Few more substrates
are textiles, cellulose papers or carbon fibers which are not that much stretchable can also be
used as substrate, by extrinsic structural design they can also be made stretchable[200].
Copper, gold, platinum or silver are more suitable candidates due for current collectors due
to high conductivity. So keeping the context in view, metal nanostructured materials can find
a way around to the restriction by making twisting structures or percolation networks that are
either embedded or put into a matrix of polymers [201]. Bulk carbon materials also faces
same challenges, and hence, nanocarbon materials have been investigated intensively for

flexible current collectors i.e. carbon nanotubes (CNTs) and graphene [202].

For stretchable electrode designs Materials based on carbon and their composites like CNTs,
graphene with different forms are mostly used. Stretchable supercapcitor system use these
carbon based materials as electro-active materials and current. They have benefits like low
densities, large surface area with high mechanical strength leading to high stability [203].

For stretchable designs CNTs are widely used. Fig 3.1 (a) represents a buckled structured on
PDMS. By transferring CNT films on to the buckled structure PDMS films and applying

strain, the strechability is attaned due to wavy or buckled structure as shown in Fig 3.1 (b)
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[204]. It can bear strain of 120% with no change in electrochemical properties and achieve a
capacitance of 48 F g”'. Capacitance can be further increased up to 308.4 F g and 100%
strechability can be achieved by electrodepositing conductive polymer like PANI
(polyaniline) on CNT film as shown in Fig 3.1 (c) [205]. CNT fibers were also used as
stretchable electrodes. CNT Fibers were twisted and glued them under 100% pre-strain on a -
PDMS-coated spandex fiber, by releasing the strain fabricated stretchable wire-shaped

supercapacitors were formed as shown in Fig 3.1(d) [206].

Fig. 3.1: (a) fabrication of buckled SWCNT film on PDMS (b) Buckled SWCNT film [204]. (c)
Crumbled CNT/PANI composite [205]. (d) Stretchable wire shaped supercapacitor fabrication procedures
[206]

For fabrication of stretchable eletrcrodes, graphene has also been widely used. High optical
transparency and 40% strechability was achieved when synthesized multilayer with high
stretchable sheets of graphene on copper foil having wrinkle structured and deposited onto
a PDMS substrate [207]. Metal materials are widely used to their high conductivity for
current collectors nowadays. Elastomeric PDMS surfaces and porous alumina oxide
substrates on which self-assembled plasma treated gold nanowire membranes could be

transferred to build stretchable and transparent EDLCs [208].

[t was also reported that Silver nanowire (AgNW) networks are used as electrodes composed

implanted in a polyurethane acrylate (PUA) matrix [209].Jron and Nickel as the negative
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electrode and positive electrode were electro-coated separately on AgNWs to get a
transparent Ag-Ni NWs(+)//Ag-Fe NWs(-) asymmetric supercapacitor with 35%
stretchability and 1.7 V wide potential range. Strechabilty up to 40% can be achieved by
using the plain weaving technique in which conductive stainless filter meshes woven from
50 mm wires. Electro-deposition of these meshes can be done easily on other active materials
[210]. To fabricate a 100% stretchable asymmetric supercapacitor and having a wide voltage
range, CNT films electrodeposited with MnO> and Fe;Os3 respectively to pre-strained PDMS

substrates [211].

Stretchable electrodes can be built, combining the CNTs with MoS; (molybdenum disulfide)
by dip-coating on the CNT/PDMS composite film of a hydrothermally synthesized MoS2
nanosheet solution [212]. In Fig 3.2 (a), excellent pseudo capacitance with large surface area
of MoS; nanosheets which shows high double-layer charge storage which can be stretched to
240% and have a volumetric specific capacitance of 13.16 F.cm?. In Fig 3.2 (b), nickel foam
is used as a template and MoS; was grown in situ by chemical vapor deposition, between the
surface located inside graphene foam and holes [213]. 100% strechcabilty and a volumetric
specific capacitance of 19.44 F cm™ was achieved, when PDMS was used as a substrate on
which compact graphene/MoS: composite films were transferred. In Fig. 3.2 c—, 100%
strechabilty and wide voltage range was achieved to build an asymmetric stretchable
supercapacitor, when pre-strained PDMS is used as a substrate and CNT films

electrodeposited with MnO, and Fe,Os3, respectively [214].

Conducting polymers provide high conductivity of electrodes and deliver pseudo-capacitance
due to redox reaction. High Conductivity, low cost, high porosity, capacitance and huge
surface area are the major advantages. Polyaniline (PANi) [215], Polypyrrole (PPy) [216],

polythiophene (PTh) [217] and PEDOT [218,219] have been commonly used in
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supercapacitors. While using a conducting polymers as electrodes 100 to 300 Fg™' is

recorded as the specific capacitance values.

Fig. 3.2: (a) SEM image of MoS; nanosheets. {b} Fabrication of the stretchable supercapacitor based on
composite films of graphene/MaS; [213] (¢} asymmetric stretchable supercapacitor based on the wrinkled
negative Fe,0+/CNT hybrid film electrode and positive MnO»/CNT hybrid film electrode. (d and ¢} wrinkled
FeyO3/CNT and MnOy/CNT hybrid films SEM images [214]

So far, only a few works have considered conducting polymers for stretchable
supercapacitors, and only classical conducting polymers (e.g. polyaniline) have been used in
some preliminary studies as shown in Fig 3.3 {220,221]. With the concept of combining
conducting polymers, the design of device configuration would require new demands from
novel key materials (thal may even be evolved if necessary). in order to realize the

development of polymer-based stretchable pseudocapacitors.
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Fig. 3.3: Stretchable supercapacitors based on polyaniline [220,221]

All yarn based extremely stretchable knitting power textile with self-charging and washable
property can be used for biomechanical energy harvesting. It can store energy by hybridizing
supercapacitor and tribo-electrical nano-generator (TENG) into one fabric [222]. The power
textile is recognized with high strechability, flexibility and elasticity due to which they can
possess complex mechanical deformations, with the weft-knitting technique. Electrical
energy can also be generated by using the knitting TENG fabric which can light up at least
124 light-emitting diodes with a maximurn instantaneous peak power density of ~85 mW-
m. For wearable energy storage devices, due to good capacitance, excellent mechanically
properties, light weight and long term stability all-solid-state symmetrical yarn SC is the best
candidate. Wearable electronics can also be driving by assembled knitting power textile in
which energy is formed by the movement of human body like a humidity meter or a calculator

[223-226).
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Mechanical deformation and unstable device structures during practical application results in
less stability and reliability, thus self-heal ability and stretch ability must be considered
during the fabrication of supercapacitors. Preparation of self-healable and highly stretchable
electrodes is still a big challenge. For stretchable and self-healable supercapacitors, reduced
graphene oxide fiber based springs can be used as electrodes. By visual inspection, the thick
fiber spring having diameters of 295 pm reconnect the broken electrodes accurately. As show
in Fig 3.4, a self-healable and stretchable supercapacitor is successfully realized, by wrapping
self-healing polymer outer shell with fiber springs. After a large stretch (100%), the
supercapacitor has about 82,4% capacitance retention and after the third heal the capacitance

retention of 54.2% was achieved [227,228].

Fiber wires Fiber springs
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Fig 3.4: Highly Stretchable and Self-Healable Supercapacitor [228]

In general for stretchable supercapacitors, the overall electrode design is based on the electro-
active material, current collectors and substrates [229]. At present for most stretchable
electrodes, elastomeric polymers with intrinsic stretchability are used as a substrates [230].
Different type of stretchable electrodes can be made into thin films or fibers by PU
{polyurethane), styrene—{ethylene-butylene)-styrene (SEBS) or Silicone rubber (Ecoflex),

and PDMS (polydimethylsiloxane) [231].
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3.4 Design strategies for stretchable supercapacitors

After considering the materials the other important parameter is the layout design of
supercapacitor to achieve high flexibility. In stretchable supercapacitors the important thing
to look after is the performance of electrode during charge discharge cycles, when mechanical
deformation occurs [232-234]. The electrode always require high conductivity, even after
deformation they need to maintain conductivity. So researchers worked on such techniques
like prestraining then buckling, fiber winding and island-bridge with serpentine
interconnection designs to achieve high performance of stretchable supercapacitor under
mechanical deformation [235]. Layout designs can be categorized as (a) Linear
Supercapacitors having one dimensional design, (b} Planar supercapcitors having two
dimensional design, and {c) stereo supercapacitors having three dimensional design as shown

in Fig 3.5.
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Fig 3.5: Design strategies for stretchable supercapacitors [235)
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3.4.1 Linear Supercapacitors (one dimensional design)

In recent years a lot of work is done on one dimensional supercapacitor due to its excellent
properties like planar supercapacitors, they can also be defined as wire, yarn shaped or fiber
supercapacitor. Linear supercapacitors are used directly as electrodes or can be used as
flexible substrates. They show properties like light weight, high aspect ratio and docile nature
to be woven in textiles [236]. Linear supercapacitors have spinning and weaving property as
compared to conventional sandwich structures, making it the best candidate for power
sources for wearable electronics textiles. Extensive work is done on the development of linear
fiber electrodes like polymer fibers [237-239], graphene fibers [240-241], carbon nanotube
fibers [242-244] and composite fibers [245]. For enhanced functionality, nanomaterial’s can
be efficiently assembled into fibers, providing highly compatible technology thanks to the
advances in nano-science [225].

Four types of one dimensional supercapacitors are reported in literature (a) twisted, (b)
parallel (c) helix and (d) coaxial [200]. Parallel fiber structure one dimensional
supercapacitors are achivied by depositing CNT sheets parallel on to ecoflex fiber(
rectangular cross section and 300% pre-stained) opposite side, creating buckle structure as
shown in Fig 3.6 (a). CNT fibers shows excellent mechanical stability and electrochemical
properties even after applying enormous deformation including twisting, bending and
stretching up to 200 % in every condition, hence can be used in application like woven gloves

as shown in Fig 3.6 (b) [245,246].
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Fig 3.6: One dimensional Supercapacitor (a) Representation of a twisted sandwich fiber, (b) Commercial
glove on 20 cm long sandwich fiber is woven [245]

CNT films in which conducting polymer PPy is electrodeposited can be wrapped into fibers
and can be assembled on PDMS substrates and maintaining high mechanical strength with
not losing properties after deformation {247]. Twisted configuration are also widely used in
designing one dimensional supercapacitor. Twisted configuration can be flexible but due to
their structure they cannot be stretchable [248,249]. CNT sheets can be overlapped and
wrapped across elastic fibers to make twisted structure. PEDOT-PSS is coated on to that
structure to enhance the performance and electrochemical properties. Two of these fibers are
twisted and combined with each other with PVA/ HaPOa hydrogel which is used as electrolyte
to make a twisted supercapacitor. The obtained supercapacitor can retain its capacitance
value of 30.7 F g”! after applying a strain upto 350% [250]. The other type of one dimensional
structure design is coaxial based supercapacitor. Elastic polymers fibers are used as starting
substrate material. CNT sheets are rappeed around these elastic fibers and coating it with
PVA/ H3PO4 hydrogel to make a coaxial based supercapacitor [251]. It can maintain its
electrochemical properites like capacitance of 18 F.g' after 75% tensile strain. By

electrodopisting PANI to this coaxial configuration can enhance the strechabilty to 400% and
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capacitance to 111.6 F.g! [252]. Last type of one dimensional supercapacitor is helix
configuration. Helix configuration is achieved by using polymer cores on which fiber
electrodes are wrapped. Many fiber electrodes are not stretchable, to make them stretchable
helix configuration can be used which is basically spring like structure [253]. Twisted and
helix desgnes are combined together to create ultra-stretchable supercapacitor [254]. Firstly
fiber supercapacitors are constructed by twisting CNT, PANI and graphene wires. The
obtained fiber supercapacitor can be coiled into spring like structure maintaining high

mechanical stability and can sustain strain up to 800% and 138 F g”! capacitance [255].

3.4.2 Planar Supercapacitors (Two dimensional design)
Two dimensional planar supercapacitors are widely studied for research and applications.
First choice for planar supercapacitor are buckled and wavy structured electrodes over |
strained substrates [256]. Textiles and elastomers are used as stretchable substrate materials
with deposition of carbon material and nanostructured metals. Nanoparticle of Vinyl hybrid
silica and electrolyte of hydrogel are used to fabricate a planar supercapacitor with record
1500 % strechability [257]. Another planar buckle structure supercapactior was fabricated
by attaching CNT film to pre-strained silicon rubber substrate to achieve 200% strechability
while applying strain omnidirectional, biaxial or uniaxial. CNT and PEDOT films are also
deposited on biaxially ecoflex substrates to make planar supercapacitor [258]. So many other
supercapacitors are fabricated on the same design making this prestreching and buckling
design most suitable for two dimensional planar supercapacitor [259-261]. Solid state flexible
planar supercapactior can be fabricated by screen printing as shown in Fig 3.7(a) and it attain
80% of capacity retention after 1000 cycle and also the device can be bent up to a radius of
3.5 mm as shown in Fig 3.7 (b) [262]. Textile can be used as substrates for planar
supercapacitor as it gives huge surface area and also having strechbale property. CNTs and

MnO:; nanoparticles are coated on cotton textiles for stretchable electrodes, they provide 20%
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strechability [263]. Weft knitted structure of textiles are carbonized to obtained conductive
textiles for planar supercapacitors. They as obtained supercapacitor can sustain strain up to
70% with high conductivity [264]. Laser induced graphene is also used for stretchable
electrode and skinned off with PDMS on polyimide sheet [265]. Ulira-thin Gold nano wire
is fabricated through LangmuirBlodgett method. It is used to create a thin film and
transferring that self-assembled conductive mono gold layer on to PDMS substrate to make
a planar wrinkled structure of supercapacitora and it can maintain high conductivity under

repeatedly stretching [211].

Fig 3.7: (a) Fabrication of all solid state planar two dimensional stretchable Supercapacitor (b) printed planar
flexible supercapacitor on a PET substrate [262]

Micro-supercapacitors are the new type of planar supercapacitor emerged in past few years

[266]. They don’t need any separator, making it tiny size and thickness of system and making

it best candidate for electronic units due to its ease of integration with system [267]. Island-

bridge and serpentine interconnection are widely adopted for designing stretchable micro

supercapacitor due to the fact that they can enhance mechanical strength and stability. Micro-

supercapacitors can be isolated from the strains by placing it on to stretchable ecoflex as a
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substrate and PET films implanted on them [268]. Tripod structure PDMS was also used for
stretchable micro-supercapacitor configuration as a substrate. It is first stretched and then
graphene oxide microribbons are transferred onto them and then released, providing
suspended wavy structure as shown in Fig 3.8. This suspended wavy structure provide high

mechanical strength and high stability under stretching and provide space to relive strain

[269].
/PDMS 6o
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Fig 3.8: Fabrication of microsupercapacitor using Tripod structure PDMS [269]

3.4.3 Stereo Supercapacitors ( Three dimensional design)
Three dimensional Stereo type supercapacitor also achieve strechability through kirigami or
patterning type editable techniques. Honeycomb like stereo supercapacitor can be achieved
by cutting linear patterns on fabricated planar (two dimensional) supercapacitor. The as
achieved supercapacitor (made from kirigami based process) can sustain 400% strain with
high conductivity and stability [270]. PANI was electrodeposited on cellular pattern CNT
films which were produced by chemical vapor deposition on silica wafers with uniaxial
strechability of 140% and can maintain capacitance of 42.4 F.g''. These cellular design
stretchable supercapacitors can be connected in series or parallel to adjust current and voltage
of supercapacitor. These cellular supercapacitor are used in commercial electronic watch and

can be functioned as “watch strap™. Fig 3.9 shows the structure and schematic of electronic
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watch along with “watch strap™ as stretchable supercapacitor. Watch strap” is at different

places of arm i.e. wrist, middle and upper arm to power up the watch [271].

Fig 3.9: Powering electronic Watch (a) (b) structure and schematic of electronic watch along with “watch
strap” as stretchable supercapacitor. (c)Watch strap™ at different places of arm i.e. wrist, middle and upper
arm (d) powering the watch at different places of arm i.e. wrist, middle and upper arm [271]

Origami type stretchable three dimensional supercapacitor are obtained by using graphite
based isolated electrodes and are produced on a cellular paper substrate. Then sectionalized
gel electrolyte was dropped on opposite side of substrate to combine electrodes and
electrolyte together. This Origami type stretchable supercapacitor can have a good
mechanical strength, it can withstand 30% stretch and 60% compression [272].

After the above discussion from literature on the design strategy, one can conclude that all

these designs i.e. linear one dimensional design, planar two dimensional design, and stereo
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three dimensional design, can achieve high strechability and can be used according to their
application. Linear one dimensional supercapacitor can be sewed into textile and it can be
used in daily using clothes. Planar two dimensional supercapacitor can be used for powering
“tattoo like epidermal” devices, and stereo three dimensional supercapacitor are not

appropriate for wearable electronics due to bulky nature [200].
3.5 Electrolytes for Supercapacitors

A lot of work is done on different type of electrolytes of supercapacitors. Electrolytes can be
categorized into different types like organic electrolytes, ionic liquids, solid state polymer
and aqueous electrolyte as explained in previous chapter. Organic electrolytes can be
obtained by dissolving organic solvents in conducting salts which provide a voltage window
of 3.5 V (as shown in Table 3.1), higher than aqueous electrolyte [273]. Organic electrolyte
provides lower capacitance, high cost and less conductivity as well having few safety issues
like toxicity, volatility and flammability. Tetraecthylammonium tetrafluoroborate (TEABF4)
is salt used for organic electrolyte which is dissolved in propylene carbonate (PC) or
acetonitrile solvent. PC based electrolytes are favored as compare to acetonitrile due to its
environmental friendly nature and also due to having wide voltage range, good conductivity
and wider working temperature [274]. As compared to organic electrolyte aqueous electrolyte
provide higher conductivity of ions, low resistance and higher ionic concentration. ionic
conductivity of 1 mole of sulfuric acid (H2SO4) at room temperature is 0.8 S cm™! and 6 mole
of potassium hydroxide (KOH) conductivity is about 0.8 S cm™' [275]. But these aqueous
electrolyte show lower potential window (as shown in table 3.1, around 1 V) than organic
electrolytes due to water decomposition. Ionic liquids are also widely used as electrolytes in
recent years, due to high electrochemical and thermal stability, very low volatility and
flammability, and wider voltage window of around 4.5 V. Ionic liquids which are flourine

and solvent free pyrrolidinium dicyanamide are excellent to be employed as electrolytes
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[276]. By adding a small amount of CNTs single wall can enhance cycling stability,

capacitance and energy density [277].

Table 3.1: Electrolytes with voltage window

Electrolyte Voltage Window Ref.
TEABF4/PC 35V [278]
NazSO4 1.8V [279]

KOH 1.0V [279]

H2SO04 1.0V [279]

Li2SO4 22V [279]

PV A/H3PO4 hydrogel 0.8V [277]
Pyrrolidinium dicyanamide 26V [280]

Solid polymer electrolyte also shown a lot of progress in recent years due to high ion
conductivity and can act as separator between the electrodes. Three most commonly used
solid electrolytes are gel polymer, dry polymer and polyelectrolyte. Gel polymer electrolyte
is extensively used among these three solid polymer electrolyte due to its high ion
conductivity [281]. They can be used as plasticizer when water is used with gel polymer
making hydrogel. They possess three dimensional network leading to many good properties
like good hydrophilicity, easy preparation outstanding film-forming, low cost and non-toxic
features. Widely used polymer matrix is poly- vinyl alcohol (PVA) which is mixed with water
solution leading to high ionic conductivity [282-284]. Redox electrolytes are widely used to
enhance the capacitance of pseudocapacitor. Extra capacitance can be added due to faradic
reaction in electrolyte [285-287]. Pseudocapacitance was contributed mainly by electrodes

but due to redox electrolyte they also contribute to redox reaction. Redox active
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CuCl,~HNO; electrolyte is used to enhance the capacitance up to 4700 F g'!, 10 times more
than conventional electrolyte [288].

Poly Vinyl Alcohol (PVA)-Electrolytes are widely used as electrolyte in various
electrochemical devices due to their unique characteristics, i.e., good contact of electrolyte
with electrode, lightweight, easily moldable and desirable solubility [289-291]. As compared
to other polymer electrolytes, gel electrolytes have attracted more importance, due to high
ionic conductivity [292-293]. Polymethylmethacrylate (PMMA), polyacrylonitrile (PAN),
polyethylene oxide (PEO), and polyvinylidene fluoride (PVDF) are most favorite polymeric
gel electrolytes [294-297]. PVA provides wide temperature window and good affinity to
solvent holding. Gel electrolytes can be applied in solid state supercapacitors due to their -
excellent mechanical strength, ion migration rate, and high order of work durability due to
high water retention [298]. Based on PV A matrix, aqueous form of gel electrolytes have also
been used, (i.e. H3PO4- PVA, PVA/H,SOs, PVA/KOH, and PVA/LiCl), providing
mechanical strength and wide range of acidity as shown in Fig 3.10 [299].

As compared to liquid electrolytes, gel electrolytes provide many advantages like flexible
packaging, low internal corrosion, simple preparation techniques and being easy to handle.
PVA/H2SO4 [300-303], PVA/H3PO4 [304-305], and PVA/KOH [306] have been widely
studied and used as PV A based gel electrolyte for super-capacitors.

Carbon based supercapacitors, show high stability and high power density, but they are not
suitable for applications requiring high energy density. Carbon material shows higher life
time as compared to metal oxides and Conducting Polymers (CPs). While the conductivity
of carbon and CPs is also very high as compared to metal oxides, these carbon materials show
high chemical stability. CPs show high energy density as compared to carbon based

materials. The efficiency of carbon based materials is greater than CPs due to their high
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stability. CPs are preferred due to its high flexibility and can be used in flexible applications

[39].
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Fig 3.10: PV A based Supercapacitors {a) Schematic of a supercapacitor prepared by two different gel
electrolytes (b} Schematic of a typical symmetric supercapacitor based on the graphene electrodes and
PVA/H2S04 gel electrolytes. (¢) Schematic of a typical symmetric flexible paper supercapacitor based on the
carbon nanomaterials electrodes and PVA/H3PO4 gel electrolytes (d) A typical micro-supercapacitor based
on the carbon nanomaterials electrode and PVA/H2504 gel electrolyte [299]

3.6 Summary

Energy storage devices are required for the blooming mobile electronic devices market,
rencwable off-grid energy sources, electric vehicles and many other such technologies.
Rechargeable batteries are preferred because of high energy density. The longer life time
and higher power density of the supercapacitors make them better than the batteries. Even
- after a lot of effort done on energy storage devices during past few years, there are still some
fundamental questions which needed to be answered to find solutions to increase specific

energy density in these systems. The energy density debate has gradually become the rate-
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determining step of developing processes in this field. As the market is progressing,
portable, wearable and flexible electronic devices, the rapid development of flexible energy
storage devices has undergone a lot of work. To date, three choices are considered for
constructing stretchable supercacpacitors electrode materials, i.e conducting polymers,
carbon, and metal oxides based electrode materials. The electrode always require high
conductivity, even after deformation they need to maintain conductivity. So researchers
worked on such techniques like prestraining then buckling, fiber winding and island-bridge
with serpentine interconnection designs to achieve high performance of stretchable
supercapacitor under mechanical deformation. Layout designs can be categorized as (a)

Linear Supercapacitors having one dimensional design, (b) Planar supercapcitors having

two dimensional design, and (c) stereo supercapacitors having three dimensional design. A |

lot of work is done on different type of electrolytes of supercapacitors. Electrolytes can be

categorized into different types like organic electrolytes, ionic liquids, solid state polymer

and aqueous electrolyte.
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Chapter 4

Experimental Techniques

This section clarifies a portion of the key experimental techniques which are critical to

investigate the scope of this work.
4.1 Device fabrication

Stretchable supercapacitors devices are fabricated by using spin coating and spray coating

in our work.
4.1.1 Spin Coating

Spin coating is a technique used to uniformly deposit material onto the flat substrates [307].
The machine used to do spin coating is called as spin coater. The depositing material or
coating material like in our case PEDOT: PSS is applied on to the substrate. The substrate is
spin up and off at different speed by using centrifugal force to spread the coating material on
to the substrate. Evaporation is done by rapid rotation, it remove high volatile components
form the substrate. Spin coating is done in four steps, i.e. deposition, spin up, spin off, and

evaporation as shown in Fig 4.1 [308].
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Fig 4.1: Four stages of spin coating {308)

Speed of rotation and viscosity of coating material determines the thickness of the deposited
layer [309]. Spin coating has one major disadvantage as it depends on the size of the device.
Spinning speed is difficult to control as the size become bigger {310]. In our case as the

devices are small so uniform layers were obtained.
4.1.2 Spray Coating

Spray coating technique is used to coat the complex shaped polymeric substrates [311].
Nebulizers or atomizers are used for spray coating as they provide fine droplets. Carrier gas
is given to the spray coater so that the fine droplets reach the coating chamber, These droplets
are coated on to the substrate by electrostatic field or by gravity. By decreasing the atomic
pressure or by increasing the viscosity of the solution can lead to higher size of the droplet.
The size of the droplet determines the quality of coating. Spray coating is a fast process but
it does not provide control on the uniform thickness of the layers on to the substrate [312].
Fig 4.2 shows schematic of the spray coating of CNT onto glass fiber fabrics and fabrication

process [313].
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Fig 4.2: Schematic of the spray coating of CNT ontto glass fiber fabrics and fabrication process [313]

4.2 Testing and Characterization of the fabricated device design

After device fabrication the testing and characterization can be done using different
techniques. These techniques are explained below.

4.2.1 Nane chip reliability grade HALL effect system

Hall Effect is one of the primary and most important characterization technique used in the
industry for electrical characterization for devices. The technique implies magnetic {ield on
to a perpendicular suspended sample device placed in a calculated biased. Doing this a
voltage is generated inside the device that is both perpendicular to the magnetic field and

applied biased {current). Hall Effect measurement setup is shown in Fig 4.3 [314].
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Fig 4.3: Hall Effect Measurement Setup [314]
This generating voltage is called hall voltage (Vn) is given by Equation 4.1.

- 1B
V= oo .1

Where
d = sample thickness,
B = magnetic field strength,
q = charge on elementary particle,
n = bulk density, and [ = current
Hall Effect working is based on Lorentz Principle which states that which is basically a
combined effect of electric and magnetic field. Lorentz force F can be found as in equation
4.2
F=q{VxB) 4.2)
The technique gave us the important electrical perimeters like sheet resistance, mobility,

and carrier type and carrier concentration.
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Fig 4.4: Halls Effect Measurement Setup in CAEPE, 11UL

4.2.2 ASMEC Electro-physical Characterization system

ASMEC is a powerful toll which is a consortium of many characterization techniques like
Current-voltage Analysis, Charge deep level transient spectroscopy (QDLTS), and G-V
Analysis. ASMEC has current sensitivity of 1pico Ampere, charge sensitivity is 5x10°¥ C,
voltage bias range from -13.5V to +13.5V, temperature range is from 77K to 500K and it can

be extended further, and deep level concentration sensitivity of 5x1077 cm™.

65



i

Fig 4.5: ASMEC Setup in CAEPE, 11UL

4.2.2.1  Current-voltage Analysis
Current-voltage Analysis is done to accurately map the characterization and efficiency of the
supper capacitors that helped in accessing the quality of the supper capacitor material and
film. This is also important to see the impact of the contacts and the device assembly on to
the performance [315]. Current voltage analysis relationship is given by equation 4.3
=2 (4.3)
Where 1 is current, V is voltage and R is resistance.

This technique is used to evaluate the effect of electric field with respect to the movement of
charges. Different voltage levels are applied and accordingly current can be measured with
respected to them, applied voltage can be either AC or DC depending on the requirement.
Characterizations are performed using Current-Voltage (I-V) analysis with two probe
technique using copper contacted anode-cathode. 1-V tests are conducted at multiple ambient
conditions to inspect the thermal stability and sustainability of the ultra-capacitor. I-V
characteristics of suppercapacitor is found by connecting one probe to anode and other probe
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to cathode of the supercapacitor. Applying voltage to the supercapaitor and measuring the
current behavior during charging and discharging can tell us the performance of
superacapaitor [316]. It also tells us how much current is flowing in supercapacitor so that

we can use it for energy system application. [-V characteristics provide an indirect measure

= of charge-storage capability of the device. Fig 4.6 shows the I-V characteristic of Symmetric, -
asymmetric and hybrid supercapacitor [317].
(a) Symmetrical Supercapacitor (b) Asymmetrical Supercapacitor
(A (¢ (A Chl
[ e
‘ (c) Hybrid Supercapacitor o .
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Fig 4.6: I-V characteristic of (a) Symmetric, {b) asymmetric and (<) hybrid supercapacitor [317]

4.2.2.2  Charge Deep Level Transient Spectroscopy (QDLTS)

q

QDLTS (Charge deep level transient spectroscopy) is used to access the performance of the

device when placed in different temperatures and also the operating range at which the device
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output parameters does not get too affected. Charge based Deep Level Transient
Spectroscopy (Q-DLTS) technique [318] has been performed to better clarify the charging
and discharging nature in the fabricated supercapacitors. Q-DLTS is used in organic materials
to reduce the defect concentration. Current is applied to measure the trap defects. Q-DLTS
is a charge relaxation technique based on the measurement of the transient analysis of the .
trapped charges produced from the interruption of given charging bias. The change in the |
charge magnitude (AQ) was recorded and plotted as a function of charge/discharge events
with special expression of rate window during these interruptions. This is described as a
function of times on which change in charge magnitude been recorded i.e. the
charge/discharge time initially (t1) and the final charge/discharge time (t2). The minimizing
the phase-assisted errors, times t2 and t; should be perfectly matched at a certain proportion
i.e. to/ti=constant and this constant may further be related as ‘a’ i.e. a = ta/t;=constant. For
minimizing the errors, the discharging times would be properly proportional and the rate
window (7) for these events may be referred to as a function of these time-based events as

reported [319], in Equation 4.4 as:

_ta—ty _ ty(a-1)

= ln(z—:) = @ “4.4)
The charge magnitudes at these time intervals are recorded as:
Qt1 = Qyexp(—ent;) 4.5)
Qt2 = Qoexp(—ent,) (4.6)
And change in charge magnitude (AQ) will be related as:
AQ = Q2 — Q11 (4.7)

Where t is charging time and t, is discharging times. Where At= A t; —A t; is the time

window of the measurement [320].
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Solving above equation i.e. Qi and Qg, the AQ will be related as:

AQ = Qoexp(—enty) — Qoexp(—ent;) (4.8)
And thus AQ may further related as:

AQ = Qo[exp(—ent;) — exp(—ent,)] (4.9)

Electron emission rate ‘e’ is represented and related in equation 4.10 [310]:

e, = oT,T?exp (— %) (4.10)

Where ‘T’ is the Temperature measured in Kelvin, ‘o’ is the capture cross-section, ‘K’ is

representing Boltzmann constant, ‘Et’ is the Trap level Energy, and ‘Ty’ is defined as [321]:

3
T, = 2(3)"/2 (i—’z’) /2 k?m,, @.11)

Where ‘m,’ is effective mass of electron and ‘A’ is planck’s constant.

Equation 4.12 is used to calculate the trap density ‘Nt’:

—- 4AQmax
Ny = = nax (4.12)

Where ‘4’ is contact area ‘N7’ is Trap concentration, ‘¢’ is absolute charge constant (i.e.
=1.6x10°C), ‘AQ’ is change in charge magnitude, and the distance between two contacts is
represented by ‘d’ The available ‘space discharge states i.e. N1’ during discharge time may
rise in accordance with the Equation 4.12 i.e. Ny a AQ 4, and AQ 4@ Temperature. Fig
4.7 shows one of the graph of Charge based transient analysis of Ag/PTCDA 28 nm/ n-GaAs

sample [322].

69



1 N L v ] 4 T H T T ¥ v
pulse = 1 ms ' U N -
AU=05V ) ]
"~ T=300K ¢ 0
in situ A 05 .
o -1.0
| . s i
]:1 pC—4.7,Cm* o ref.
o] i
b B o®
i Ag/AIq,(27 nmyPTCDA/M-GaAs ’
6 5 4 -3 -2 -1 0

log, (t./s)
Fig 4.7: Charge based transient analysis of Ag/PTCDA 2§ nm/ n-GaAs sample [322]

PIFTS (Photo-stimulated internal field transient spectroscopy) is additionally provided by
ASMEC. It is used to see the impact of light on to the capacitive nature of the device. When
light strikes the surface, it produces a charge that flows in the direction of the current. All of
these techniques are required to accurately map the fabricated device parameters.

4.2.3 Arrhenius analysis

It is to be noted that Arrhenius equations plays a very vital role while defining the kinectics
of photo current. It represents the dependency of the resistivity at specific temperature “ps”
of the material at wide band of temperature in terms of only two parameters i.€. resistivity at
absolute temperature “po” and an exponential factor of activation energy “E," in electron

volte by the following formula as below [319].

—Ee

ps = p0exr (4.13)
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Where “K” is Boltzmann’s constant, having value of 8.617 x 107 eV/K and “T” is the
temperature in Kelvin.

As we have
p =~ mho/m (4.14)

Here o is the conductivity of the material. Now replacing 4.14 in 4.13 we get:

-Ea
L=tk (4.15)

[ o0

After rearranging the equation 4.15 becomes

~-Ea

os=00e kT (4.16)

Now taking natural log of both sides and re-arranging equation 4.16, we get

Ln(s) - == + Ln (60) (4.17)
Ln (05) - (=) *+ Ln (60) (4.18)

As we know the equation of straight line is y = mx +c, where “m=slope” and ¢ = y- intercept”.

Comparing 4.18 with equation of straight line we get

—-Ea
K1000

Slop=m = and y- intercept = Ln (c0) (4.19)

Now we have to draw a new cartesian plane with 1000/T as x-axis and Ln (os) as y-axis and

thus calculate the Ln (os) at multiple 1000/T i.e. x-axis. When we aligned multiple points

with its linear fit. Its slope provides ——
K1000

value. From its slope, we can calculate the

activation energy “E.”. This is the energy that is provided by the trains of incident photons
whose energy/ wave length lies in the visible range of electromagnetic spectrum.

4.2.4 Electrochemical Impedance Spectroscopy (EIS) analysis

Electrochemical Impedance Spectroscopy (EIS), is used to calculate the impedance of the
devices and materials used. It works on two modes i.e. potentiostatic mode and galvanostatic

[323]. Current is varied and voltage is kept constant to obtain Nyquist and Bode plot. While
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in galvonstatic mode the opposite happened, current is kept constant and voltage is varied to
obtain the plots. Nyquist plot gives graph of real impedance with respect to negative
imaginary part of impedance. Bode plot gives graph between phase-shift with respect to
frequency [324]. Both modes gives almost same results depending on the application i.e.
potentionstatic mode is used for high resistance materials and devices and galvanostatic mode
is used for low impedance materials and devices. Electrochemical Impedance Spectroscopy
(EIS), is also presented for the evaluation of supercapacitors. The EIS based Nyquist (Real Z
vs Imaginary Z), and Bode (frequency-dependent impedance and phase) plot are considered
to be important measure to describe the internal electrical metrology of the supercapacitors
when treated under two probe analysis. Working/Sense Electrode and Counter/Reference
electrode are connected in such a way that working and sense are connected together and
treated as “Anode electrode”, whereas, counter and Reference electrode as “Cathode
electrode™ [325].

EIS consists of imposing a time harmonic oscillating electric potential ys(t) of small
oscillation amplitude (e.g., less than 10 mV) around a time-independent “DC potential” at
the electrode surfaces and measuring the resulting harmonic current density js(t). Using
complex notations, the imposed electric potential ys(t) and the resulting current density js)
can be expressed as

Ps = ydc + Yo e?™/t (4.20)
js = jdc+jo eilznft=*(] 4.21)

Where yo is the amplitude of the oscillating potential at frequency f, wqc is the time-
independent DC potential, jo is the amplitude of the oscillating current density, jac is the time-
independent DC current density, and ¢(f) is the frequency-dependent phase angle between
the imposed potential ys(t) and the measured current density js(t). Then, the electrochemical

impedance Z can be defined as

72



t

_ Wslt)—ddc _ Yo _ip _ .
= o =g e Zee H Zim (4.22)

Where, Z;. and Zin {expressed in Q m? ) are the real and imaginary parts of the complex

impedance, respectively [326-328]. Fig 4.8(a) Nyquist plot and 4.8(b) shows bode plot of

flexible 3D graphane based supercapacitor [329]
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Fig 4.8: EIS analysis of flexible grapheme based supercapacitor (a) Nyquist plot (b} Bode Plot [329]

Fig 4.9: EIS setup in CAEPE, 11Ul
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4.2.5 Photo-Luminance System

Photoluminescence is a process in which a molecule absorbs a photon in the visible region,
exciting one of its electrons to a higher electronic excited state, and then radiates a photon as
the electron returns to a lower energy state. Photo luminance spectroscopy is a contact less
and nondestructive method of probing the electronic structure of materials. This technique
uses laser to calculate the electro-optical parameters of the device. The laser irradiate the -
sample surface and the resultant changes in the device dynamics are recorded. The results are
coupled with the information gauged from variety of structural and microscopy techniques
for material level testing for the evaluation of design parameters. Photo excitation causes
electronics within the material to move into permissible excited states. When these electrons
return to their equilibrium states, the excess energy is released and may include the emission
of light (a radiative process) or may not (a non radiative process) as shown in Fig 4.10 [330].
The energy of the emitted light (photoluminescence) relates to the difference in energy levels
between the two electron states involved in the transition between the excited state and the
equilibrium state. Each Photoluminescence substance has its own excitation and emission
spectra. The intensity of the Photoluminescence is proportional to its absorption, which in
turn is proportional to the excitation light. The Photoluminescence emission of a substance
is always at a higher wavelength than the light used to excite the substance (Stokes-shift
phenomenon). The Photoluminescence of a substance is sensitive to many factors and will
change or even disappear under different conditions. Photoluminescence intensity, Excitation
spectra, Emission spectra, Photoluminescence lifetime, Anisotropy & Polarization, Time-
based Photoluminescence intensity, and Time-based Photoluminescence lifetime are

measured using photoluminace system [331].
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Fig 4.10: Principle of Photoluminescence Spectroscopy {330]

4.2.6 Hot Plate Magnetic Stirrer

Hot plate magnetic stirrer is used to keep the liquid circulating with heating capability to
obtain homogenous mixture. It is a simple laboratory equipment and increases the speed,
reliability and safety for reactions. It includes a hot plate and magnetic stirrer as shown in
Fig 4.11. It has dual control which allows the users to set stirring speed and set heat output
independently. The Hot plate temperature can be varied up to 550 °C. The magnetic stirrer
consists of a rotating or stationary magnet whose speed can be adjusted from zero to 1500
rpm. Design of devices determines the nature and intensity of mixing. Magnetic stirring can
be done with a chemical agent in closed or open system. Due to small size of stirring bar it is
easily be cleaned and sterilized, They don’t require any lubricants for cleaning which could
contaminate the product or reaction. The devices is inserted in a liquid to spin very quickly

to give homogenous mixture [332].
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Fig 4.11: Hot plate and magnetic stirrer

4.2.7 Secanning Electron Microscopy (SEM)

Scanning electron Microscopy (SEM) is one of the most important instrument available for
the investigation and analysis of the chemical composition and microstructure morphology
of sample. Light microscopy has been, and continues to be, of great importance to scientific
research. SEM is used to produce images of a sample using electron beams on the surface of
the sample. Surface composition and topography is obtained by the interaction of electronic
beams with the sample surface giving signals that contain information. It is effective for
analyzing organic and inorganic materials on micrometer and nanometer scale. The
magnification of SEM reaches to 300,000x and even above than that in modern models. The
SEM machine use the High energy electron beam as a probe to image the surface
morphology. The tungsten filament (Having diameter of 100 microns, 2700 K), acts as
cathode, is used n electron gun for thermionic emission of high energy (30 keV, ~3 A)
electron beam in vacuumed chamber. SEM machine has an electron gun which is a source to
generate electrons, two or more eclectromagnetic lenses, scan coils for deflection,
backscattered electron detector and secondary electron, sample chamber, Computer system

along with display screens to view the scanned images and keyboard to control the electron
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beam. SEM is a tool at which invisible worlds of microspace and nanospace can be seen.

Details and complexity that is inaccessible by light microscopy can be revealed by SEM

[333-335).

SEM layout and function

detector Image builds up scan by scan
of the beam and line by ine
on the Mxeen

4

Fig 4.12: SEM layout [336]

4.2.8 Energy Dispersive Spectroscopy (EDS)

Energy Dispersive X-ray Spectroscopy (EDS) is used for the chemical and elemental analysis
of a sample. Qualitative and semi quantitative results are obtained by using EDS along with
SEM. X-rays are emitted when the electron beams emitted from the electron gun penetrates
and interacts with volume beneath the surface of the sample, to characterize the elemental
composition of the analyzed volume. It produces electromagnetic emission spectrum as each
element has a different structure giving rise to unique set of peak [337]. EDS works on the
principle of Moseley’s law which gives direct correlation between atomic number of atom

and frequency of light. At rest all electrons are unexcited and are in discrete electronic shells
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bound to the nucleus. The electron beam is focused on the sample under test, that beam excite
an electron in inner shell and ejecting it from that shell creating a hole. Higher energy outer
electron then fills that hole of inner shell, making an energy difference leading to formation
of X-ray [338].Both techniques EDS and SEM together give fundamental information on
material composition which cannot be provided by any laboratory tests. Schematic diagram
describing the EDS spectroscopy method is shown in Fig 4.13 [339]. The EDS detector takes
the responsibility of separating the x-ray characteristic of various elements within the sample
into energy spectrum. Then the spectrum will be analyzed by EDS system software to
determine the amplitude of specific element (photon energy will be converted into electrical
signals). Finally, the chemical composition maps of the elements can be determined both
qualitatively and quantitatively.

4.2.9 Atomic Force Microscopy (AFM)

Atomic force microcopy AFM is a useful tool for measuring the micro-structural parameters
and atomic resolution characterization at Nano scale. AFM can be operated in three open
loop modes, i.e. tapping mode, contact mode, and non-contact mode. It provides additional
advantage over other microscopic methods by providing reliable measurements at nanometer
scale. AFM consists of micro-machined cantilever probe, Photo detector and sharp tip
mounted to a Piezoelectric (PZT) actuator as shown in Fig 4.14. The photo detector is used
to provide cantilever deflection feedback. The working principle of AFM is to scan the
sample using the tip over the surface which enables the PZT to maintain the tip at constant
height and constant force over the surface. The tip is used to scan the surface moving up and
down and providing the measurements of difference in light intensities between the lower
and upper photo detectors. The photodiode difference signal is controlled by computer, in
constant force mode real time height deviation is monitored while in constant height mode,

deflection force is recorded [341-343].
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Fig 4.13: (a) Energy dispersive X-ray spectroscopy [339] (b) Elemental Composition mapping of sample
analyzed via EDS [340]
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Fig 4.14: Schematic of basic AFM operation (left}, real micro-cantilever and components (right) [340]
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4.3 Precautions in Experimentation

The precaution regarding each respective experimental technique have been mentioned

below.
Table 4.1 Precautions in Experimentation

Sr.N | Experimentation | Precaution Resolve

0 Technique

1. Hall Effect System | Geometry of | The geometry of the sample and the ohmic

the sample contact should be confined

2. Automatic system | Rare surface | The rare surface of the sample should be
for Material Physical physically adhere to enhance thermal
electro-physical contact conductivity and block electrical noises.
characterization
(ASMEC) System

3. Electro-chemical | Anode  and | The physical contacts of both anode and |
Impedance Cathode cathode should be properly contacted via |
Spectroscopy contacts standard clips.

(EIS)

4. Photoluminance Light In order to gauge the light emission after the

(PL) Spectroscopy | emission absorption of laser radiation, the physical
distance between the sample stage and the
hieght of the assembly should be properly
managed.

5. Hot Plate and | High The said machine contains high
stirrer Temperature | temperatures, to avoid any possible injury

one should maintain a sutibale distance
from the instrument.

6. Scanning Electron | High Voltage | The machine conatins high voltage
Microscope assembly which can cause electric shock to
(SEM) its near permissive.

7. Energy Dispersive | X-Ray The equipment should be properly
Spectroscopy Radiation encapsulated in the led Cage.

(EDS)

8. Atomic Force | Vibration The instrument is highly sensitive to the
Microscopy vibrations, in order to gauge precise
(AFM) measurements the said instrument should be

located onto the vibration free table.
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4.4 Summary

Stretchable supercapacitors devices are fabricated by using spin coating and spray coating in
our work. After device fabrication the testing and characterization can be done using different
techniques like Nano chip reliability grade HALL effect system, ASMEC Electro-physical
Characterization system, Electrochemical Impedance Spectroscopy (EIS) analysis, Photo-
Luminance System, Hot Plate Magnetic Stirrer, Scanning Electron Microscopy (SEM),

Energy Dispersive Spectroscopy (EDS) and Atomic Force Microscopy (AFM).
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Chapter 5

Experiments, Results and Discussion

Four distinct approaches are used to conduct a systematic study on the fabrication and
characterization of stretchable supercapacitors. One of the key findings have been published
in Elsevier Journal of Energy Storage. However other work has been submitted in
internationally renowned journal for the evaluation, also, the major findings have been
submitted for National Patent Organization i.e. Intellectual Property Organization (IPO) of

Pakistan. Experimental details, findings and discussion is presented in the following sections:

5.1 PEDOT:PSS based supercapacitor

Herein; a detailed account of an aged PEDOT:PSS based supercapacitor is presented in terms
of Current-Voltage (I-V), Electrochemical Impedance Spectroscopy (EIS) and Charge Deep
Level Transient Spectroscopy (Q-DLTS) measurements under 0.1-1V charging voltages at
variable ambient temperatures. Evaluation of age-assisted defects and influence of
temperature on the current kinetics of the supercapacitors is also presented with detailed

reliability analysis for system level application of the fabricated device.
5.1.1 Experimental

Two Indium Tin Oxide (ITO) coated Glass strips were used as a starting material/substrate,
as shown in Fig 5.1 (a). One side of ITO coated glass is conductive and optically transparent
which could be tested using the short-circuit method through Digital Multi-Meter (DMM).
ITO coated glass strips were cleaved into 1 inch x 1 inch structure and Copper tape is used
to make ohmic contact on both strips at their edges to make anode and cathode. The PEDOT:
PSS conducting polymer was spin-coated onto the both ITO coated cleaved glass strips. The
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conducting side of the glass strips was caped using a specialized mask, so that the spin-coated
material can be positioned at the desired space. Initially, the spin-coated material was in aqua
phase, so to properly solidify this film, post-annealing was done using a hot plate at 85 °C
for ~5 minutes to properly bind the material to the ITO surface as shown in Fig 5.1 (b). A
liquid gel electrolyte of 1.2g of propylene carbonate, 1.2g of poly (ethylene glycol) diacrylate
(Mn=700), 0.22g of trifluoto-methane-sulfonate, 3.5mg of 2,2-dimethoxy-2-
phentlacetophenone (DMPAP) were mixed together and sonicated for ~1 hour; developed
and published by our Chinese team [344]. After the process of PEDOT: PSS’s annealing, this
gel electrolyte was dropped at the center of one of the PEDOT:PSS’s annealed films, and the
ITO faced second strip was placed onto the gel to make a sandwich structure as shown in Fig |
5.1 (c). After fabricating the supercapacitor, it was exposed by UV light for ~3 minutes to

solidify the gel electrolyte from gel to solid as shown in Fig 5.1(d).

ITO Coated Glass

14 mm PEDOT:PSS Spin

coated Electrolyte
/ \ ['V-Sonrce

14 mm

Substrate
(2)

(b) (© (d)

Fig 5.1: Fabrication of ITO Coated PEDOT: PSS based Supercapacitor:(a) ITO coated glass substrate, (b)
Spin coated PEDOT:PSS onto the substrate , (c) drop casting of gel-electrolyte (d) U-V exposure to solidify
the gel electrolyte
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Fig 5.2: General schematic of PEDOT: PSS based Supercapacitor (a) layer-wise structure, (b) Energy band
structure

As reference; the HOMO-LUMO of PEDOT: PSS was about -3.5 and -5.1 eV, respectively
[345). In order to understand the structure better for the follow-up characterization and
analysis; the schematic and energy band diagram representation of ITO/PEDOT: PSS based

supercapacitor is shown in Fig 5.2 (a) and (b).

5.1.2 Characterization

After physical growth of ITO/PEDOT:PSS/Electrolyte/PEDOT:PSS/ITO supercapacitor, the
characterization of this device is done by Chinese team and published the initial results [344].
To specifically inspect the aging effect ie. stability, quality and capacity of this
supercapacitor, we have spanned this supercapacitor to age-out for ~120 days. After this time
span; we inspected this supercapacitor with a variety of electrical and electro-chemical
techniques including Charge-Deep Level Transient Spectroscopy (Q-DLTS) as rather newer
method for the assessment of the supercapacitors. Q-DLTS is actually a charge relaxation
technique already explained in previous chapter, which is used to study the physical defects
of PEDOT: PSS’s interface because PEDOT: PSS shows inhomogeneous electrical and
morphological properties resulting in poor long-term stability and causes the limitation in its
shelf-life [346]. Initially the PEDOT:PSS shows high conductivity but as the time elapses,
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the conductivity magnitude decreases to its optimal limits. This is because of the "PSS"
contenti.e PEDOT part surrounded by a hydrophilic and insulating PSS rich shell in an aqua's
dispersion [347]. Poor air ambient stability and the acidic nature of PEDT: PSS film, mainly
due to water soluble ionic PSS, are significant hurdles which limit its performance on
conductivity scales [348]. To enhance conductivity and stability of PEDOT:PSS films,
various post treatment methods, such as annealing and solvent treatment with various
chemicals have to be utilized to remove access PSS content which provides better
performance of overall PEDOT:PSS films[349-350]. QDLTs technique has readily been
adopted for diagnosing the organic material’s defects [351]. Nguyen et al. has also reported
that Q-DLTS is valid for evaluating the PEDOT: PSS based devices [352], to determine the
trap defects. Thus, we have adopted this technique on the fabricated PEDOT: PSS based
supercapacitor to evaluate the possible defects responsible for the device degradation. This
is important as the charge storing capability may limit the PEDOT: PSS’s shelf-life, owing
the evolution of undesirable extent of trap centers within the interface [346]. The complexity
of charging and discharging nature of any supercapacitor has still not properly been
understood due to the complex nature of electrolytic behavior of monomers under charging
and discharging mode of operation. In order to make an effort, we have utilized
semiconductor’s-based theory onto our subject supercapacitor. Literature [158], has
suggested that for the charge flow in supercapacitors, a Randles cell of an equivalent circuit
model is very popular for the ionic behavior at the electrolytic and PEDOT:PSS interface
levels and is shown in Fig 2.11. Current-voltage (I-V) characteristics have been performed
for gauging the charging current magnitudes with respect to the applied charging voltages.
Kinetics of currents have also been gauged at different charging voltages in which detailed
charging mechanism is envisaged using Equations 5.1 and 5.2. EIS study has been performed

for same charging voltages to inspect the Bode and Nyquist nature of subject supercapacitors.
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ASMEQC system is used for mapping I-V, Q-DLTS and kinetics of current studies and BST8-

STAT-EIS system is used for EIS measurements, are utilized in this work.

C== (5.1)
dt
v =2 idt (5.2)

Where, ‘C’ is capacitance, ‘i’ is electric current, ‘v’ is charging voltage.
5.1.2.1  Current Voltage (I-V) Analysis

After the physical growth of PEDOT: PSS based supercapacitor, Current-Voltage (I-V)
analysis was performed on the devices using two probe method with copper contacted anode
and cathode of the fabricated device. This analysis was done at multiple ambient conditions
to inspect the thermal stability of the device and its sustainability. For this purpose,
temperatures ranging from 26 °C to 86 °C were chosen with a step size of 10 °C. Electrical
biasing for the evaluation of this technique was scanned from the ground (0V) to 5 volts. The
voltage is applied and the current is recorded and plotted as a function of the dependent
variable of voltages to inspect the bias dependent maximum charging current at which the
supercapacitor shows saturation current. The extent of this saturation current is very important
because of the charge storage capability (i.e. charging capability may limit at a particular level
and the streaming charge from the charging source may get drained from the internal
discharging resistor of the supercapacitor). This specific internal resistor is modeled as in a
parallel combination with the charging capacitor. The graphical representation of I-V curves
at multiple temperatures is shown in Fig 5.3. Most of the recent studies suggest that the internal
temperature of the supercapacitor varies during the charging and discharging modes of
operation [6]. In particular, for charging mode of operation, this temperature may rise rapidly

[6]. In our study, we have increased the ambient temperature of the supercapacitor to inspect
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the charging nature of the subject supercapacitor. The I-V characteristics provide an indirect
measure of charge-storage capability of the device. The monomer-based electrolyte in our
case provide substantially progressive trend for temperature ranging between 26°C to 36°C. If
we further increase the temperature, the extent of charging current is seen to fall and get
decreased to lower levels. This behavior is thought to be due to the internal chemistry of
interfaces between the electrolyte and PEDOT: PSS layer. Fig 5.3 shows the electric current
behavior as function of applied electric field and different ambient temperature. This spectra
depicts that at rather higher temperatures i.e. >36°C, the charging current seems to decrease

and reduces the charge collection mechanism of said supercapacitor.

107 4
—a—26C
—e—36C
—&— 46C
—v--56C
—e—66C
—4—76C
—»—86C

10° 4

10* 4

Current (A)
2

10 5

107 5

T T 1 ' I ' T T T M T

0 1 2 3 4 5
Voltage (V)

Fig 5.3: Current-Voltage characteristic of PEDOT:PSS based supercapacitor at variable temperatures.

5.1.2.2 Q-DLTS: Defect Analysis of PEDOT:PSS based Supercapacitor

Charge based Deep Level Transient Spectroscopy (Q-DLTS) technique [318] has been
performed to better clarify the charging and discharging nature of the fabricated

supercapacitors. The change in the charge magnitude (AQ) was recorded and plotted as a
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function of charge/discharge events with special expression of rate window during these
interruptions. To properly investigate the traps produced within the supercapacitor, one may
apply the external charging bias, to charge the supercapacitor, at a specific level. When
subject supercapacitor is fully charged at a certain bias level, followed by discharging events,
these discharging levels decay exponentially at their respective ground levels (i.e. 0V) but
during these events, the decay within the traps did not follow the normal exponential decay.
These traps may discharge in another way as compared to the normal decay cycle and thus
produce transients during the normal discharge (decay) cycle. During these discharge time
intervals, which is expressed in the Equation 4.8 i.e. t; (initial discharge time) and t; (final
discharge time), the change in charge magnitude is recorded and plotted as a function of rate
window. In our study, the supercapacitor has been treated at 0V external bias and then 10mV
charging bias has been applied for 10 milliseconds of charging time and then switched back
to OV. To practically charge these trap centers, these biases are applied within the band-gap
of PEDOT:PSS. When the external bias is removed the charge magnitude decreases from
+10mV to the ground state i.e. O0V. During these discharge events, the charge collected by
the traps was released and recorded between respective time intervals as referred in equations

4.5 and 4.6.

=  Qtl = Qgexp(—ent;) (4.5)

= Qt2 = Qoexp(—entz) (4.6)

Fig 5.4 Shows the Charge based transient analysis of PEDOT: PSS based supercapacitor at

26°C-66°C as a function of rate window ‘1’.
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Fig 5.4: Charge based transient analysis of PEDOT:PSS based supercapacitor

As per equation 4.12, is used to calculate the trap density ‘Nv’:

'ﬁ mdx
>  Np= %&“‘ (4.12)

Where *4” is contact area (i.e. 14mm x 14mm = 196 mm?) , ‘N7’ is Trap concentration, °q’ is
absolute charge constant (i.e. =1.6x107°C) , “AQ’ is change in charge magnitude, and the
distance between two contacts is represented by ‘d’ i.e. separation between anode and
cathode contacts of the device. Fig 5.4 shows the change in charge magnitudes as function of
charge and discharge events. The peaks of these spectra provides the maximum native defects
densities (and calculated from Equation 4.12) that may limit the Supercapacitor’s operation.
The peaks identified in these spectra may further contributes for the evaluation of
Trap/Defect energies (i.e. the energy levels known as trap centers; within the band picture of
PEDOT: PSS supercapacitors, and are responsible for the self-leakage of collected charge at
the PEDOT: PSS’s interface) and these trap energies are calculated from Equation 4.10. The
trap levels may exist due to the formation of electronic defects which may cause

recombination at the monomer-PEDOT: PSS interface and limits the overall functionality of
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supercapacitor. Two peaks are observed in Fig 5.4, which indicates that two trap centers are
imminent. The peak of the Q-DLTS signal may be defined as the maximum change in charge

magnitude at a certain level for a particular rate window.

This may be noticed that, as the ambient temperature of the supercapacitor rises, the trap
states also increase. This means that the available ‘space discharge states i.e. N1° during
discharge time may rise in accordance with the Equation 4.12 i.e. Np a AQ,q, and
AQqax@ Temperature, and are reported in Table 5. 1. Thus, for increasing temperatures,
the discharge states may rise which results in lesser time to store the effective charge within

the PEDOT:PSS layer and thus decrease in current may be observed as shown in Fig 5.2.

Table 5.1: Surface Trap Densities of PEDOT: PSS based supercapacitor at multiple temperatures

Nt (cm?) Nt (cm?)

Sr# Temperature ( °C)
Trap-1 Trap-2

01 26 1.25x 10" 1.30 x 10"
02 36 1.65 x 10" 1.61 x 10"
03 46 2.08 x 10" 1.99 x 10!
04 56 231 x 10! 2.17 x 10"
05 66 2.60x 10" |

Fig 5.5 shows the Arrhenius analysis of Q-DLTS spectra using Equation 4.10 for the given

temperature window.

2 e, = oT,T%exp (— i—;)
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Fig 5.5: Arthenius analysis of PEDOT:PSS based supercapacitor

We observe two trap centers from the Arrhenius analysis using Equation 4.12, as shown in
Fig 5.5. Fig 5.5 represents the Arrhenius analysis of Fig 5.4. This is done from the linear
approximation of Equation 4.10 i.e. straight line passing through each point. The line’s slope
is proportional to the subject supercapacitor’s trap energy level and its y-intercept provides

the capture cross-section magnitudes associated with subject trap level.

Arrhenius analysis shows that the two trap levels are populated within the energy band

diagram and can be visualized in Fig 5.6:
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Fig 5.6: Visualized Trap levels within the energy band of PEDOT:PSS based supercapacitor

Fig 5.6 shows the trap levels within the energy band picture of PEDOT:PSS based
supercapacitor. These levels may limits the supercapacitor’s operation because the collected

charge carriers may get trapped at these energy levels and recombine at their interface.

From Arrhenius analysis, there are two trap levels captured, thus, two associated capture
cross-sections (6) may be calculated from the linear approximation of Equation 4.10.
Physically, the capture cross-section of a specific trap center is the ability of the trap center
to capture the free charge carrier from its respective band edge. During charge time, the
generation center (placed near the conduction band edge i.e. E11) may be activated, which
may allow the larger ability to capture the free carrier from the charging source and during
the discharge cycle, the recombination center (placed near the valence band edge i.e. E12)
may contribute explicitly. The relatively larger capture cross-section near the valence band
edge may cause larger leakage due to the recombination process irrespective of the parallel
resistance model of a supercapacitor. The study presented in this work shows that during the
discharge cycle, subject PEDOT: PSS based supercapacitor may cause larger recombination
[353] and thus holds the captured charge from the charging source due to the self-

recombination process and eventually may become connected with source for a small
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duration to the active-load connected with the supercapacitor. One of the recent studies
revealed that self- discharging resistor (parallel resistor of the equivalent model of the
supercapacitor) may limit the load current duration during discharge cycle [354]. But in our
study, this self-discharge mechanism may originate and caused from the recombination ;
centers which may trap the charge carriers from their respective bands and recombine at their

own interface rather than the load terminals.
5.1.2.3  EIS Analysis of PEDOT:PSS based Supercapacitor

For an ideal supercapacitor, series resistance (Rs) should approach to zero and Parallel
resistance (Rp), to infinity. But for practical cases, these resistances may vary.
Electrochemical Impedance Spectroscopy (EIS), has also been presented for the evaluation
of supercapacitors. The EIS based Nyquist (Real Z vs Imaginary Z), and Bode (frequency-
dependent impedance and phase) plot are considered to be important measure to describe the
internal electrical metrology of the supercapacitors when treated under two probe analysis.
Working/Sense Electrode and Counter/Reference electrode are connected in such a way that
working and sense are connected together and treated as “Anode electrode”, Whereas,

Counter and Reference electrode as “Cathode electrode”.
5.1.2.3.1 Nyquist Plot

The initial conditions for the said experiments were kept fixed i.e. pretreatment time= 5s, AC
amplitude 0.1V, and the frequency window between 10 mHz — 10 kHz, followed by the
different charging voltages ranging from 0.1-1Vpc. For better clarity, we plotted two Nyquist
plots with the same values but the only difference is the linear and log scaling which are

shown in Figs 5.7 and 5.8, respectively.

The conductivity of commercially available PEDOT: PSS active layer was around 1 S/cm.

From EIS analysis (shown in Fig. 5.7) the RESR is found to be around 400 ohms. This is
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actually the resistance of PEDOT: PSS’s active layer. Thus, the conductance magnitude may
around 1/400=0.0025 S (mho). However, the conductance magnitude depreciated which

results the degradation of charge storage capability of said supercapacitor.
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Fig 5.7: Logarithmic scaled Nyquist plot

Fig 5.7 shows the Nyquist plot, and from this Fig real-impedance (Re-Z) i.e. x-axis, provides
the information about the integral part of passive components of Randles equivalent model
(as shown in Fig 2.11) of said supercapacitor i.e. magnitudes of Resr and Rp may retrieved

from said spectra.

The ESR values measured from Nyquist plot at 0.1V and 1V are 805.6 £ and 274.1 Q,
respectively. The Rp values for all (ascending i.e. 0.1-1V) subject charging voltages are
recorded as 2 x10°, 1.82 x10°, 1.57 x10%,1.56 x10%, 1.54 x10%, 1.53 x10°, 1.52 x10°, 1.47
x10°, 1.39 x10° and 1.23 x10° Q, respectively. Fig 8 shows that by increasing the charging
voltage, the parallel resistance of the supercapacitor may decrease. Meanwhile, ESR

magnitudes may also get decreased.
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Fig 5.8: Normalize scaled Nyquist plot

These results reveal the pros and cons of subject resistances i.e. for better operable
supercapacitor’s, the R, magnitude should be as high as possible and the value of ESR close
to zero. However, by increasing the charging voltage, R, tends to decrease gradually. This
indicates that the self-discharging mechanism within the supercapacitor may dominate and -
this may be responsible for the shrinkage of the overall discharge time. For this study, one
may tradeoff for selecting desirable charging bias for the viable operation of the
supercapacitor. One can suggest that one may increase the charging voltage because this will
lead to the lower ESR values, which is highly desirable for the quality operation of the device.
We can ignore the effect of R, for the selected charging biases. Because the extent of ESR
for subject voltage’s colonial order may decreases at larger extent as compared to Rp, thus,

we can ignore the change of R, magnitudes.
5.1.2.3.2 Bode Plot
The capacitive reactance of a capacitor is shown in equation 12 and can be measured from

the Bode plot.
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Xc= L

= e (5.3)

The Bode plot of the supercapacitor, under the same charging voltages, is shown in Fig 5.9.
The impedance-based Bode plot is a signature for cross verifying the nature of Device Under
Test (DUT). Fig 5.9 shows that by increasing the frequency, the impedance decreases and
vice versa. For capacitors, the impedance shows the same trend i.e. the higher the frequency,
the lower will be the impedance and vice versa. The R, and Rs magnitudes can also be
visualized from the lower and higher end of frequencies, respectively. This plot shows the

same effect as Nyquist as depicted in Fig 5.7.
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Fig 5.9: Impedance based Bode plot at multiple charging voltages

Fig 5.9 shows the impedance based Bode plot of said supercapacitor. This plot describes the
overall impedance of subject supercapacitor with respect to applied frequencies and all
spectra are collected at various charging bias conditions. From this analysis one can find real
and imaginary impedance (resistance; R, reactance; Xc) response of the supercapacitor. This

mimic behavior can be visualized from the applied frequencies because the passive
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components may respond as open- or close; as function of applied frequencies e.g. at higher

frequencies capacitors may like as short circuit and resistors may act as it is.

The phase difference based Bode plot of the supercapacitor, under the same charging voltages
is shown in Fig 5.10. The graph is plotted to assess the charging phase operation. This phase
magnitudes is the angle difference between the charging voltage and the current. For ideal
supercapacitors, its magnitude must be at the phase difference of -90°. The negative sign |
indicates that the charging voltage is lagging behind the current by the 90° phase shift. The
impedance-based spectra of bode plot decrease as a function of increasing frequency (as
shown in Fig 5.9) while the phase based Bode spectra (as shown in Fig 5.10) decrease at
some specific frequency and then increase in phase difference as observed. The specific
frequency at which phase transition has occurred is known as critical frequency and this
specific frequency is responsible where the maximum physical area of the supercapacitor
may be accessed [355]. In our case, the critical frequency magnitude is about 4Hz with the
phase difference of about -68°. Thus, at this frequency maximum area of the supercapacitor
may remain unutilized effectively. It is known form the fundamental concepts of the
conventional capacitor that at higher and lower frequencies the impedance of the capacitor
approaches to zero and infinity, respectively. Thus, at the higher end of frequency i.e. 10
kHz, the impedance of the fabricated supercapacitor decreases and will act as a short circuit.
So that charge will readily flow through ESR and the phase angle approaches to zero. It is
because the phase difference between current and voltage in a pure resistor is zero. However,
at lower frequency i.e. 10 mHz, the impedance of the capacitor may become high enough to
behave like an open circuit. Thus, at this frequency, the major charge will flow through R,
rather than ESR. So, at this frequency, R, will contribute mainly to the device operation, thus,

the phase difference may again approach to zero. However, the extent of charge flow during
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low frequencies may be limited through Rp due to the possible charge sharing to its parallel

circuit element i.e. ESR and internal capacitance of supercapacitor.

Fig 5.10 shows the phase angle based Bode plot of said supercapacitor. This plot describes
the phase difference between charging voltage and its obsessed electric current as function
of applied frequency. From this analysis is one may evaluate the maximum physical area of -
supercapacitor and the response magnitude can be mapped from the applied frequency where

the phase angle is maximum.
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Fig 5.10; Phase based Bode plot at multiple charging voltages
5.1.2.4  Kinetics of electric current under charging voltage and temperature

Kinetics of electric current under charging voltages from 0.1 to 1V are also studied and shown
in Fig 5.11. We inspected the charging mechanism of supercapacitor at variable ambient
temperatures from 26 and 86°C. The graphical representation of charging current at 26 and

86°C 1s shown in Fig 5.11a and 5.11 b, respectively. We can analyze that by increasing the
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charging voltage, charging current may also increase. Figs 5.11 (a) and 5.11(b) revealed that
by increasing the ambient temperature the charging current decreases and limits the overall

supercapacitor’s operation/performance.
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Fig 5.11: kinetics of electric current under subject charging voltages i.e. 0.1-1V (a) At 26 °C ambient
temperature, (b) At 86 °C ambient temperature
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Fig 5.11 shows the transient behavior of electric currents recorded at different charging
voltages of said supercapacitor. In this analysis we have also worked out the same analysis

at rather higher operating temperatures to sense the electric current nature of supercapacitor.

From the above, we can analyze the time-based charging mechanism i.e. capacitance, current,
and charging voltage. Fig 5.12 is focused to provide an overall charging behavior of
fabricated supercapacitor under charging voltage (1V) at 26/86°C ambient temperature. In
both Figs 5.12(a-b), the blue line indicates how the charging voltage varies from ground (0V)
to 1V and during this time span the charging current and its associated capacitance builds
within the supercapacitor as a function of applied voltage (blue line). Thus, one may easily
understand as to how these supercapacitors were charged. It is witnessed from both the Figs
5.12(a-b) that the charging current of higher ambient temperature is far less than that of its
lower temperature case (26 °C). For instance; the charging current at 26°C is ~45uA and the
charging current at 86°C is just about ~7 pA. This behaviour has also limited the magnitudes

of capacitances and thus the overall performance of the supercapacitors.

From Fig 5.12, one can easily analyze the charging behavior i.e. how much time is needed
for a particular super-capacitor to respond to its internal passive elements in order to fully
charge during given applied charging bias at rather higher and lower ends of operating
temperature. The voltage curve looks linear however at initial time intervals the spectra is
exponential in nature which has already been mentioned in capacitor and current curves

respectively.
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Fig 5.12: Overall charging behavior of subject supercapacitor under 1V charging voltage (a) At 26°C, (b) At
86°C ambient temperatures

Fig 5.13 shows the separate response of the capacitance of said supercapacitor as function of

temperature variation. From this response one can examine that by increasing the ambient
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temperature the capacitance of subject supercapacitor might fall and affect the overall device
performance. PEDOT:PSS’s inhomogeneous electrical and morphological properties result
in poor long-term stability and cause the degradation; the supercapacitors were subjected to
the detailed evaluation of interface defects and kinetics of current. Both aging-assisted
defects and current kinetics due to variable operating temperatures may prove to be important

parameters while designing the process strategies for flexible and stretchable PEDOT: PSS

based supercapacitors for real-time system integration.
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Fig 5.13: Capacitance of the PEDOT:PSS supercapacitor at varying temperature

5.2 Stretchable and Foldable Polyurethane Based Supercapacitors

Herein, a specialized Stretchable and Foldable Polyurethane Based Supercapacitors is
fabricated in which the electrolyte is sandwiched between a dense metal net. A detail account
of characterization is presented in terms of Current-Voltage (I-V) and Electrochemical
Impedance Spectroscopy (EIS) at variable ambient temperatures. Charge based Transient

Spectroscopy (Q-DLTS) measurements are performed on subject stretchable supercapacitor
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in order to analyze the transient behavior of the device while under operation for its

performance evaluation at charge level.
5.2.1 Experimental

The stretchable substrate of Polyurethane was used as a starting material in order to fabricate
the partially stretchable and fully foldable supercapacitor. The length and width of the
stretchable substrate was cleaved as length by width i.e. 45mm x 15mm, with an effective
area of 675mm? Two stretchable and completely foldable substrates with effective
geometrical dimensions were considered for subjecting each set onto the anode and cathode
of the supercapacitor. A specifically prepared dense metal net with flexible and stretchable
nature was selected as an anode and cathode metal contact with effective dimension each of
43mm (length) and 13mm (width), as shown in Fig.5.14. A specialized gel electrolyte was
developed with some conical modifications, described in detail in publication [352]. All
chemicals were purchased from Sigma-Aldrich and were used as received. The brief
modified stoichiometry of subject electrolyte were, propylene carbonate (5-gram),
polyethleneglycole diacrylate (Mn=700), trifluoromethene-sulfonate (1-gram) and
DMPAP(2,2-dimethoxy-2-phenyle-acetophenone) of 17.5 mg , were added and mixed
together and sonicated in an ultrasonic bath for about 17 minutes. The electrolyte was drop-
casted onto the dense metal net and another set of dense metal net and stretchable substrate
were placed in such a way that the electrolyte may be seen as sandwich layer. The UV light
was exposed for ~5 minutes to solidify the gel-electrolyte. The detailed pictorial

representation is shown in Fig 5.14.
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Fig 5.14: Fabrication of stretchable and foldable Supercapacitor:(a) stretchable and foldable Polyurethane
substrate, (b) dense metal net, c) substrate/metal net stack, (d) drop casting of gel-electrolyte (e) U-V exposure
and layer vise stack of stretchable supercapacitor.

5.2.2 Characterization

After physical growth of stretchable /flexible (Polyurethane substrate) supercapacitor’s
matrix i.e. Polyurethane /metal net/ Specialized Electrolyte/ dense metal/ Polyurethane. It
was spanned for about ~15 days to properly mitigate the electrolyte with dense metal net and
to investigate the essential device parameters i.e. Resgr, Rp and effective capacitance etc. We
inspected this stretchable and foldable supercapacitor with a variety of electrical and electro-
chemical techniques including Current-Voltage (I-V) , Q-DLTS, kinetics of current I (t)
techniques, potentiostatic based impedance techniques have been utilized charge based
transient analysis is performed to investigate the interfaced defects that may contribute the
leakage path for the collected charge. Current-voltage (I-V) characteristics have been
performed for gauging the charging current magnitudes with respect to the applied charging
voltages. ASMEC system is used for mapping -V, Q-DLTS and kinetics of current studies

and BST8-STAT-EIS system is used for EIS measurements, are utilized in this work.
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5.2.2.1 Current Voltage (I-V) Analysis

Current-Voltage (I-V) analysis were performed after the fabrication of Stretchable and
Foldable Polyurethane Based Supercapacitors. Two probe technique is used for I-V analysis,
where the probes are connected to the copper contact of cathode and anode. The thermal
stability and sustainability was inspected at different ambient temperatures. The temparture
range selected with a step size of 10 °C for I-V analysis is from from 26 °C to 86 °C. Electrical
biasing for the evaluation of this technique was scanned from the ground (0V) to 5 volts. The
voltage is applied and the current is recorded and plotted as a function of the dependent
variable of voltages to inspect the bias dependent maximum charging current at which the
supercapacitor shows saturation current. The extent of this saturation current is very important
because of the charge storage capability (i.e. charging capability may limit at a particular level
and the streaming charge from the charging source may get drained from the internal
discharging resistor of the supercapacitor). This specific internal resistor is modeled as in a
parallel combination with the charging capacitor. The graphical representation of I-V curves
at multiple temperatures is shown in Fig 5.15. Most of the recent studies suggest that the
internal temperature of the supercapacitor varies during the charging and discharging modes
of operation [6]. In particular, for charging mode of operation, this temperature may rise
rapidly [6]. In our study, we have increased the ambient temperature of the supercapacitor to
inspect the charging nature of the subject supercapacitor. I-V characteristics provide an
indirect measure of charge-storage capability of the device.In start when we increase
temperature from room temperature i.e. 26 °C to 36 °C and then 36 °C to 46 °C, the current is
increased. But after 46 °C if we further increase the temperature, the extent of charging current
is seen to fall and get decreased to lower levels. For higher temperature values, the spread of
current becomes higher for just 300K, and after this temperature the current magnitude

decreases limiting the overall charging capability at these specific temperatures. This
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behavior is thought to be due to the internal chemistry of interfaces between the electrolyte
and the substrate. Fig 5.15 shows the electric current behavior as function of applied electric
field and different ambient temperature. This spectra depicts that at rather higher temperatures
i.e. >46°C, the charging current seems to decrease and reduces the charge collection

mechanism of said supercapacitor.
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Fig 5.15: Current-Voltage characteristic stretchable and foldable polyurethane based based supercapacitor at
variable temperatures

5.2.2.2 Q-DLTS: Defect Analysis of Strechable and foldable Supercapacitor

In order to study the lossy nature (because of internal discharge resistance, Rp) of intrinsic
ability of supercapacitor, one has to envisage this at an atomistic scale and may evaluate the
discharge nature. For that purpose, we have performed a very specialized charged based
technique namely Charge Deep Level Transient Spectroscopy (Q-DLTS). It is explained at
length the background theory along with the mathematical expression about Q-DLTS and its
application in supercapacitors in previous topic and also published it [356]. In Q-DLTS

spectra, we measure the change in charge magnitude during discharge cycle in order to map
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the discharge states at dense metal net and UV- cured electrolyte interface. During this
analysis the supercapacitor is pulsed for a duration by which said interface has been filled
with the upcoming charges from the charging source as shown in Fig 5.16. From Fig 5.16,
when switch is closed, the charge flows towards the internal capacitor and when the switch
is turned open, the collected charge at the dense metal net and electrolyte layer discharges
itself over the self-discharge resistance which is physically created by the interface as shown
in Fig 5.16 (b).
Switch-Close

o "~ Resr

MA—AM,

( R Lead

(@)

Switch-Open
(b) REesr
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— Re § = Ceq
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Fig 5.16: Charge-Discharge events of supercapacitor in Q-DLTS measurements (a) charging through Resg (b)
discharging through Rp

In this study we apply the charging pulse of 20 mV for about 10ms duration because if we
increase these limits (i.e. charging voltage and duration) the discharge time of transient may
increase. Further; the temperature needs to be fixed, when these events are captured
(especially in discharge cycle as highlighted in Fig 5.16(b)). When the interface is fully

charged at 20 mV, the switch turned open and charge is measured when the internal capacitor
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discharges itself via ‘Rp’ resistor. This is achieved when voltage of the capacitor decreases

from maximum value (i.e. 20 mV) to ground level (i.c. zero volts).

Fig 5.17 shows the Q-DLTS spectra of the stretchable/foldable supercapacitor which is
plotted against the change in charge magnitude as function of rate window () [356]. The
change in charge magnitude is recorded at multiple temperatures ranging from 300K-

350K.The Trap densities of the device can be measured from the highest peak of AQ spectra
and related by equation 4.12 => Np = ﬂiﬁx—, Where ‘N7 are the surface trap densities ‘q°
is the universal charge constant and ‘A’ is the area of densc metal net electrode which is -

interfaced with UV-cured electrolyte (which is equals to 546mm?). The Trap densities are

recorded at each ambient temperature and listed in Table 5.2, case wise.
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Fig 5.17: Q-DLTS spectra of stretchable/foldable supercapacitor
The trap energy (Et) and capture cross section (o) of the interface traps are calculated from

the Arrhenius analysis of Equation {4.10). The inset of Fig 5.17 shows the Arrhenius plot
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(i.e. the slope of the linearly fitted line proportional to the Trap energy and the y-intercept

provides the capture cross section of the interface.

Trap energy (Er) is the location near the conduction band edge of dense metal net electrolyte
interface and its position predicted from measurements is ‘Ec-78.7meV’. And the capture
cross-section (o) is actually the ability of ‘Ec-78.7meV’energy level that it captures the |
collected carriers from the internal capacitor and discharges/conducts them at the dense metal
net electrolyte interface i.e. ‘Rp’. Thus, lower values of capture cross-sections are desirable
[356], in order to have less ability to capture the collected charge at the internal capacitor of
supercapacitor. Trap densities (Nt) are the physical states around ‘Ec-78.7meV’ (i.e. trap

level) which are reported in Table 5.2.

Table 5.2: Trap parameters of stretchable/foldable supercapacitors

Sr.# Temp [K] Trap density(Nr) Er o
(em?) (em?)
1 300 8.2x 10"
2 310 5.07 x 101°
3 320 3.63 x 10'°
-78.7 meV 27
4 330 415x 100 8.29 x 10
5 340 4.06 x 10'°
6 350 4.49 x 1019

5.2.2.3  EIS Analysis of based Polyurethane Based Supercapacitors

Electrochemical Impedance Spectroscopy (EIS) analysis was carried out for the evaluation
of Stretchable and Foldable Polyurethane Based Supercapacitors. The EIS based Nyquist
(Real Z vs Imaginary Z), and Bode (frequency-dependent impedance and phase) plot is

obtained by using two probe technique. Working/Sense Electrode and Counter/Reference
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electrode are connected in such a way that working and sense are connected together and
treated as “Anode electrode”, whereas, Counter and Reference electrode as “Cathode
electrode”. EIS is considered to be important measure to describe the internal electrical
metrology of the supercapacitors. The initial conditions for the said experiments were kept
fixed i.e. pretreatment time= 5s, AC amplitude 0.1V, and the frequency window between

10 mHz — 10 kHz, followed by the different charging voltages ranging from 0.1-1Vpc.

The value of Rp of 936 kQ) was calculated from the real impedance of the EIS spectra
measured at 10mHz to 10KHz frequency range and the value of Capacitance was found to

be around 7.34x107 F.

As mentioned earlier the lesser value of Resr is more favorable for any type of supercapacitor.
In this type of supercapacitor one has scanned the applied biases ranged from 0.1-1V. Fig
5.18 shows the Nyquest plot of all said range of electrical potentials. From this analysis the
value of Resr is low for just 1V of charging potential i.e. ~19.6KQ. Contrary to that fact
when the supercapacitor discharge itself the voltage drops may occurred and this may affects
the Resg magnitude i.e. the increase in Resg ~35K(2 be observer. Due to significant increase

in Resr magnitude, this fact decreases the efficiency of said supercapacitor.
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Fig 5.18: EIS based Nyquist plot
§.2.24  Kinetics of electric current under charging voltage and temperature

In recent literature, Martinovic et al. [357], have studied electrochemical behavior of
supercapacitor’s electrodes and used potentiostatic current-time analysis with the charging
pulse of 100 mV for 50 seconds. They have calculated the values of ‘Resg’ and ‘Rp’ at t=0*
and 50 seconds, respectively. Whereas, for our stretchable and completely foldable
supercapacitor, we have applied a charging pulse of 100 mV-1000 mV (0.1V-1V) with the
step size of 100 mV over 20 seconds, respectively, and recorded the values of current. In
addition to the multi-charging voltage pulses, we have also applied multiple temperature
cycles ranging from 300K — 350K, in order to inspect the thermal stability of the fabricated
supercapacitor. Fig 5.19 (a-¢) shows the potentiostatic measurements at multi-charging and

multi temperature cycles.
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320K, (d) I(t) at 330K, (&) I(t) a1 340K, (f) I(t) at 350K

114



f

a

We can analyze that by increasing the charging voltage, charging current may also increase.
Figs 5.19 (a-e) revealed that by increasing the ambient temperature the charging current
decreases and limits the overall supercapacitor’s operation/performance. In our case we have
applied the charging bias in descending orders i.e. 1V to 0.1V, to charge the said
supercapacitor. In Fig 5.19 (f) the current is negative because the stray charge of more than
0.1V is already present at this particular (i.e. 0.1V) charging bias. Further, the internal
resistance (Rinemal) Of voltage source is very low. Thus, the current flows from higher
potential side to the lower potential. Resultantly; the direction of current flow is from
supercapacitor to the external 0.1V charging source. Thus, reverse polarity in current
magnitude has been observed at this particular lower charging voltages. Fig 5.20 specifically

clarifies this special behavior of the said supercapacitor device.

I
i I
if Vsupercnpacitor > Vcaaremvng 0.1V
R I
2 v
& Supercapacitor
Q R S + 4+ 4+ttt
é Supercapacitor
: Rl.nlemzl
S
M J

Fig 5.20: Reverse polarity in current magnitude

5.3 Alternating and Direct Current Analysis of said Supercapacitors

Herein, a detailed amount of mathematical analysis is done for Stretchable and Foldable
Polyurethane Based Supercapacitors, in terms of alternating current (AC) and direct current
(DC) techniques is carried out with multi-charge pulses ranging from 0.1V to 1V. For AC

analysis, impedance spectroscopy has also been performed.
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We can analyze that by increasing the charging voltage, charging current may also increase.
Figs 5.19 (a-¢) revealed that by increasing the ambient temperature the charging current
decreases and limits the overall supercapacitor’s operation/performance. In our case we have
applied the charging bias in descending orders i.e. 1V to 0.1V, to charge the said
supercapacitor. In Fig 5.19 (f) the current is negative because the stray charge of more than
0.1V is already present at this particular (i.e. 0.1V) charging bias. Further, the internal
resistance (Rmeemat) Oof voltage source is very low. Thus, the current flows from higher
potential side to the lower potential. Resultantly; the direction of current flow is from
supercapacitor to the external 0.1V charging source. Thus, reverse polarity in current
magnitude has been observed at this particular lower charging voltages. Fig 5.20 specifically

clarifies this special behavior of the said supercapacitor device.
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Fig 5.20: Reverse polarity in current magnitude

5.3 Alternating and Direct Current Analysis of said Supercapacitors

Herein, a detailed amount of mathematical analysis is done for Stretchable and Foldable
Polyurethane Based Supercapacitors, in terms of alternating current (AC) and direct current
(DC) techniques is carried out with multi-charge pulses ranging from 0.1V to 1V. For AC

analysis, impedance spectroscopy has also been performed.
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5.3.1 Characterization

It was spanned for about ~15 days to properly mitigate the electrolyte with dense metal net
and to investigate the essential device parameters i.e. Resr, Ry, and effective capacitance etc.
Two different characterization approaches are adopted in order to evaluate self-discharge
resistance (R;) and effective capacitance (Cefr) of supercapacitor, by utilizing the DC and AC
analysis at the circuit level.For DC analysis, we have used Current-Voltage (I-V) and kinetics
of current I (t) techniques and for AC analysis, potentiostatic based impedance techniques
have been utilized. The DC and charge measurements were done using ASMEC Electro-
Physical Characterization system and the AC analysis was conducted using BST8-STAT-

Electrochemical impedance Spectroscopy (EIS) system.

5.3.2 Alternating and Direct Current Analysis

There are three main equivalent parameters that have to be optimized in order to bridge
technology ready solution of any supercapacitor. These parameters are named as Resgr, Rp

and equivalent capacitance and their circuit level representation is shown in Fig 2.11.

As in Fig 2.11, the ‘Rgsg’ indicates the ohmic resistance of electrodes, and ‘R’ indicates the
self-discharge resistance (however from circuit’s perspective; this resistance is always
offered during charging and discharging mode of operation). When the supercapacitors get
tied with the physical application in order to run/functionalize the loads, the degradation is
observed, and viable solutions are needed to engineer the process. In order to solve the circuit
(as shown in Fig 2.11), one has to evaluate Thevenin's equivalent resistance of said
supercapacitor. As this study will focus on both AC and DC approaches, the term “resistance”

may be swapped with impedance. Initially, the circuit was labeled as shown in Fig 5.21.
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Fig 5.21. Thevenin's Equivalent circuit of siretchable Supercapacitor

In order to solve the circuit, each component would be represented by “Z” form as shown in

Fig 5.21 (c-d). As Rp and Cyq are in parallel so, they would be solved by parallel impedance

law i.e.
Zap= Zresr + Zps (5.4)
Zps = Zre || Zceq (5.5)
and,
Zow = Xcm= gz (5.6)

As Capacitance is complex term, thus ¢/’ would be added before ‘f” term.

i

Zeeq = Xceq= T2efoee (5.7)
And equation (5.5) becomes as;
N 1
Zps = Zgp|| 2 Ceg (5.8)
i 1 1
— = —t— (5.9)
Zpp RE m
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=1 (5.10)

ZDB 1
—t j2ufC,
Zap ) fCeq

1
Zpe = TR Ceg TRy (5.11)

Zgp

Zop= ——RE (5.12)

Putting the value of ‘Zpg’ in equation (1)

— Zrp
ZAB_ ZRESR+—1+j2nfCquRp (513)

Also, we can write as;

e R e

Rp

T =R+
AB ESR 1+ }Zﬂ.'fceq Zrp

(5.14)

This is the vector form of Thevenin's equivalent impedance. The scalar magnitude of

Thevenin's equivalent impedance of the supercapacitor would be calculated as:

2
= 24 f(__Re
IZAB[_j(RESR) +(1+i2nfCquRp) (5.15)
_ Z (RP)z
12251 = | Resn)? + s (5.16)

- 2 (Rg) 2
|Z48] J(RE'SR) + T 077 Con RPYE+ 200 Con ) (5.17)

- 2 (Rp) ¢
1Z gl J(RESR) b L jnf Coq Rp—4W2F Coq 2Rp? (5.18)
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As, f =-17:, Thus,

R 2
|Zagl= j (Resr)? + (Re) (5.19)

L1 1\2
1+j4n7Ceq Rp—4112(?) Ceq ?Rp?

Equation (5.18) and (5.19) represents the frequency and time domain Thevenin’s equivalent
impedance of the supercapacitor. Thus, the equivalent circuit of stretchable supercapacitor

is shown in Fig 5.22.

Equation 5.19 provides an insight of overall Equivalent impedance and its respective entity-
wise internal active and passive components. To properly envisage the values of internal

‘Resr’ and ‘Rp’, one has to apply mathematical limits on equation 5.19.

= Whenlimi.e

t-o
. : (Rp) 2
llmleBl =lim (RE'SR)Z + 1 z (520)
t=o t=o 1+jamCeq Rp—41? (%) Ceq 2Rp?)
. R 2
lim|Zapl= |(Rese)? + ——F——"0— (5:21)
1+]4n}1_r.r6?Ceq Rp—4m ltl_.ns(?) Ceq *Rp?)
The term ltim % = oo. Thus, putting this value in equation 5.21.
-0
: - (Rp) 2
ltET;|ZAB|"J(RESR)2 + ety (5.22)
2
lim|Z g = f(RESR)Z +&2 (5.23)
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Fig 5.22: Thevenin's Equivalent impedance model (a}, Thevenin's Equivalent impedance {b) Thevenin's
Equivalent impedance with DC source

2
The term % = 0, thus

li_I:I;|ZAB| = (Rgsp)* + 0 (5.24)

lim|Zpi{=Resr (5.25)

And when!im, the term tlim % = (). Thus, Equation 5.21 becomes as;

=0

. _ s, _(Re) ?
!HgleB |= \I(RESR)Z + Rp” (5.27)

In practical cases the value of Rp >> Resg, thus term Resr can be neglected; and Equation

(5.27) becomes as:

!LFEQIZAB |=/ (Rp)? (5.28)
I!H?DIZABl =Rp (5.29)
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From Equation (5.25) and (5.29), one can easily understand that when time approaches to
zero i.e. at pico and femto seconds, the value of ‘Resg’ can be calculated and when time
approaches to infinity i.e. when supercapacitor almost charged in a few seconds. After that,

the value of ‘R’ can be estimated.

In DC analysis also known as potentiostatic measurement as reported in [353], the value of
‘Resg’ and ‘Rp’ are calculated from current-time graph at a certain/particular charging

voltage.

From application point of view, following circuit diagram is sketched for practical scenarios

as shown in Fig 5,23 (a-d).
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Fig 5.23: Charging Circuit of stretchable supercapacitor, (a) supercapacitor charging along with positive and
negative series wires. (b) Charging circuit diagram (practical), (¢) equivalent circuit diagram during charging
phase, (d) Equivalent circuit diagram during charged phase

From both Equation (5.25) and Fig 5.23(c), it is analyzed that when time approaches to zero,

the practical circuit’s resistance would be equalized as; ltirlg| Rgq = Riead® + Resr + Riead’.

Thus, the charging current is limited by Req (SRLead” + Resr + RLead”) and not only by ‘Resr’.
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As the ‘Rgsr’ is the joint ohmic resistance of both (positive and negative) electrodes of
supercapacitor, thus, to properly envisage the value of ‘Resr’, one can only measure it before

the fabrication of any supercapacitor.

Following circuit diagram (Fig (5.24)), is suggested for the determination of precise value of

‘REsr’.

Precesion Resistor
10k 1k

AAA WA
+ VA
Rt 100k
1 +
T OP-AMP Voltmeter
Riet v A -
VWA B

100k
VWA

T
-
=

Fig 5.24-1-: Circuit Diagram of Precise Resr determination
Fig 5.24-1 provides the precise evaluation of Rgsr as:
RESR = RDense MetalNet- Electrode 1 T RDense MetalNet- Electrode 2 (530)

In our case, we have chosen identically dimensioned dense metal nets. Thus, equation 5.30

can be seen as;

REsR = 2 Rpense MetalNet (5.31)

Referring to Fig5.32 as; and by applying Kirchhoff’s voltage law, Vource can be written as:

Visource = VRiead . + Vioka+ VaB + VRiead ‘ (5.32)

The value of current ‘I’ can be measured from the ‘ampere meter’ connected in series as
shown in Fig (5.24-1). The potential difference of dense metal net can be calculated from
“Vap’. This is because we have to get rid from the parasitic voltages developed across lead”

and lead . The value ‘“Vap’ can be in the range of few ‘uV’ and to measure these ultra-low
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level of voltages, one can adopt differential amplifier analogy [358]. For that purpose, one
can use very precise family of operational amplifier i.e. Instrumentation Amplifier. From
circuit designing perspective we have adjusted the gain of Instrumentation Amplifier of about
100 i.e. the voltage measured from the output terminal of operational amplifier (op-amp) be
multiplied by the factor 100. It is done because the output stage of op-amp is fed to normal
digital multimeter, and thus easily be measured. ‘Vap’ can be measured from the output stage

of op-amp and connected via digital multimeter by following equation.

Vap=—=  (where Gain=100) | (5.33)

The Rpense MetalNet can be calculated from Equation (5.33) and the measured current through

ampere meter as ;

%4 v 1o s
R Dense MetalNet = # = 1031 (where ‘I’ is the current) (5.34)

And the value of Rgsr can be determined from Equation (5.31) as;

Resr = 2(1231) (5.35)

From Equation (5.35) one can precisely calculate the value of Rgsr.

The value of ‘Rp’ can be calculated from Equation (5.29) when tlim and can be visualized

from circuit level analysis, as highlighted in Fig 5.23(d). Literature [330], also reported that

at final time (like in our case when tlim) the value of current (I) provides the value of Rp. It

is because when t— oo, the capacitor is almost charged, and no current should be migrated
from the capacitor. But at final time the very limited current be observed that has to be found
from ‘Rp’, as can be seen in Fig 5.23(c). Thus, at this time the value of current is mainly due

to the R’eq and related as;

R’eq =Riead’ + Resr +Ret+ Riead (5.36)
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From practical point of view, the value of Rread” and Riead” is of few ohms and ‘Resr’ is also

from few ohms to mili-ohm range. Thus, Rp >> Ricad" , Resr , RLead” - S0 one can relate Rp as;
R'e= Rp (5.37)

Thus, to evaluate ‘Rp’, potentiostatic measurements may be carried out at relatively higher

intervals.

The value of capacitance can be calculated when the capacitor is fully charged i.e. 311110 The

instantaneous value of capacitance can be measured from the relation given in equation 5.38.

Cingt = st (5.38)

dt

Where ‘Cinst’ is the instantaneous capacitance, ‘linst’ is the instantaneous current, ‘V’ is the

applied voltage and ‘t’ is the instantaneous time.

Resg’ as known from the literature, can be determined from I(t) graph at maximum peak
current [353]. In our case as shown in Fig 5.19, for 300K and 1V charging voltage pulse, the
value of maximum current (near zero seconds) is about 15.2 pA. Thus, the value of ‘Rgsg’
would be 1V/(15.2nA)=65.7k€). As the ‘Rgsg’ is the ohmic resistance [359-360], this
resistance would never reach practically closed to the value obtained. Thus, to properly
envisage this specific ‘Rgsr’ the current would be measured when limit of t—0 is applied.
For practical applications; this time may be around pico and femto second’s interval. To
capture the current at such small intervals, very fast Analog to Digital Converters (ADC) are
required. On contrary, even if the powerful instrument measure that interval, still the value
of ‘Resr’ would never be estimated, as per Fig 5.22(c). The current during this particular
interval would be due to the Riead”, Resr and Riead™. Thus, the method suggested for lead free
resistance as shown in Fig 5.23 may prove to be way forward. However, the value of ‘Ry’

can be preferably predicated from final current when tlim and can be evaluated from

—00
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Equation. (5.37). For 300K and 1V charging pulse the value of ‘Rp’ is calculated as ~656k(Q.
The case wise magnitudes of ‘R, at multi-charging voltage pulses and multi-temperatures

are calculated and are reported in Table 5.3.

Table 5.3: Parallel Resistance magnitudes measured from potentiostatic DC Analysis

Sr# | Voltage @290K | @300K | @310K | @320K | @330K | @340K @350H
01 0.1V 6.33E5 | 5.21E5 | 2.84E5 |7.10E5 |5.45E5 |7.52E6 |3.28ES
02 0.2v 6.80E8 | 5.80E6 |2.40E6 |3.57E7 | 1.28E7 |2.16E6 | 1.28E7
03 0.3V 2.28E6 | 8.20E6 | 1.80E7 |3.98E6 | 3.36E6 | 1.70E6 | 2.53E6
04 0.4V 2.28E6 | 3.50E6 | 3.60E6 |2.52E6 |2.15E6 | 1.42E6 | 1.48E6
05 0.5V 1.98E6 |2.20E6 | 2.20E6 |2.00E6 | 1.77E6 | 1.20E6 | 1.22E6
06 0.6V 1.57E6 | 1.50E6 | 1.79E6 | 1.74E6 | 1.41E6 |1.14E6 | 9.9.E5 -
07 0.7V 1.20E6 | 1.09E6 | 1.40E6 | 1.37E6 | 1.16E5 |9.80E5 | 8.20ES5 L
08 0.8V 9.40E5 |8.83E5 | 1.05E6 | 1.13E6 | 9.92E5 | 8.59E5 | 7.10ES
09 0.9v 7.90E5 | 7.46E5 |8.86E5 | 9.76E5 | 8.93E5 | 7.96E5 | 6.35ES
10 1.0V 7.20E5 | 6.50E5 | 7.96E5 |8.72E5 | 8.01ES | 7.14ES5 | 5.70E5

In order to inspect the thermal stability of capacitance and parallel resistance magnitudes, we
have to visualize respective parameters at multi-ambient temperatures. Fig 5.24-1I (a) (b)
shows the effective capacitance and parallel resistance (Rp) magnitude which are calculated

while applying the limit t—oo.

125



. . i : ; : —— 290K
“ Poob : — — 310K
. v 320K
o 1077 — -~ 330K
E —e— 340K
- c 10° -— — 350K
=
5
2 907
o | ]
10° :
£ [/t S S S S —
0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 10 1.1
DC-Voltage {V)
10" —
—— 290K ;
1w
10°
@ 10’
o o
(3
10*
10°
wy - -
00 01 02 0.3 04 05 06 07 0.8 09 10 1.1

DC-Voltage (V)

Fig 5.24-1I: Effect of ithe ambient temperature on stretchable supercapacitor performance parameters. (a)
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From Fig 5.24-11, one can observe that the value of effective capacitance and the parallel
resistance magnitude are stable at 0.5V - 1V of charging pulses. It is evident that during
discharge event the capacitance is responsible to decreases the voltage from 1V- 0.5V
(discharge event). The connected load tends to stabilize itself by supercapacitor but after 0.5V |

i.e. 0.5V — 0.1V of discharge event the stability over temperature loses.

Another approach for mapping ‘R’ and equivalent capacitance ‘Ceq’ is the AC analysis of |
stretchable/foldable supercapacitor. It is established that the supercapacitor is charged under
DC biased only but the load connected with it may be active (resistive) or passive (capacitive
or inductive) in nature. Thus, in order to see the small AC-signals, one needs to properly
polarize the supercapacitor under AC drift mechanism. The AC-test signal, alone, would have
no importance because the main objective is to gauge both the capacitance and the self-
discharge parasitic resistance. Thus, we have to superimpose AC-signal of specific amplitude
and vary the frequency of that signal. From data logging perspective, we will record the real
and imaginary part of Impedances to practically gauge the physical extent of ‘Rp’ and
effective capacitance magnitude under such AC-conditions. The electrical charge will be
pumped into the said stretchable/foldable supercapacitor by adding an AC-source off-setted
with respective direct current voltage source. The electronic circuit diagram for the proposed

assembly is sketched and shown in Fig 5.25.

There are three main sections of AC-Equivalent power source for the stretchable
supercapacitor i.e. power section, wiring section and the supercapacitor itself. The spectral
response of each drift source for charge pumping into the stretchable supercapacitor is shown
in Fig 5.26. In Fig 5.26(c), this can be analyzed that the instantaneous voltage fluctuates its
level at a particular DC-offset. In order to find equivalent voltage of fixed level Veq, one

should determine that specific voltage.
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Fig 5.25: AC-induced power source for measuring stretchable super-capacitor: Proposed Assembly

Following expressions are used to find out the particular solutions for the determination of

Ve
DC voltage level= Vpc (5.39)
AC maximum voltage Level =V ac (5.40)

The instantancous level of DC voltage will remain fixed, however the instantaneous value of

AC voltage will be varied as;

Vyacy=V ac sinwt (5.41)

Where ‘®’ is the angular frequency (i.e. ® = 2xf), similarly Vypcy=Voc.

The effective value of both sources will be the instantaneous addition of both voltage sources

as shown in Fig 5.26 (c).

Vettective= Vub0) + ViiaC) (5.42)

From Equation (5.41) and Equation (5.42),

Vetfective = VpC + Vac sinmt (5.43)

128



)

q

®) (1)

Yoc

time(s) \/ time(s)

DC-Voltage

@ .
O
L1l
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voltage spectral response. (b) AC- Voltage spectral response. (¢) Spectral response of off-setted AC combined
voltage and red colored part shows the DC-level clipping due to negative hall of AC. (d) Equivalent voltage
source for charging super-capacitors

Equation (5.43) is equalized form of Fig 5.26(c), but we have to find a fixed equivalent
voltage level as shown in Fig 5.26(d). The equivalent voltage (V) is actually the overall

Root Mean Square (RMS) magnitude of both sources and can be related with effective

voltage ‘Veq’ as [361];
(VeqP = 2 f; (Vetrective” )it (5.44)
Where “T” is the time period of AC-signal, and after putting the value of Vfiocrive, We get
(Ve =2 fy Vpc + Vac sinwt)?dt (5.45)

As (atb)?*= a’+b?+2ab, so,

129



(vK)zzﬂ S Vne® + Vac” sinot+ 2Vpc VACsinmt)dt] (5.46)

(Ve? =3[ Vocdt + [} Vac? sinZwtdt + fj 2Vjc VACsinu)t)dt] (5.47)

As ‘Vpc’ and ‘Vac’ are fixed or constant, thus they can be separated from the integral part

q

as;
(Ve?=2| Voc? Jy dt+Vac? [} sinwtdt+ 2Vpe Ve f sinwt)d |
B) =2 | Voc® f, dt+Vac® [y sinotdt+ 2Vpe Voc f) sinwt)dt|  (5.48)
As, sinfwt = 2229 4 [sinwtdt = — 5
T
(VEq)2=% [Vucz[t]g + Vac? fT 2t + 2Wpc VAC( Coiwt)o] (3.49)
1 T Cos2wt oo
(Veq)2=F[VDC2T+VAC2 [ 2de— [ =2t ] + 2Vpc Ve (~ 222 )0] (5.50)
T
The term (— Coiwt)o =0, and f T o209t = 0, putting the values, we get:
¥ 1 T 1
(Ve? =2 [ Voc? T+ Vac? [y 2dt—0]+ 2V Vac ()] (5.51)
1 1
(Ve?= 2| VocT + Va2 G )| (5.52)
1 Vac?
(VeP==T [ Vpe? + 22 ] (5.53)
2
(VeQ?=| Vo + 2] (5.54)
J( Vic +"AC (5.55)

“
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Thus Equation (5.55), provides the “particular solution” for equivalent voltage source
F

magnitude (1.e. ’ Vool + L-iz_f-'_ ) for evaluating the internal element of supercapacitors (i.c.

active and passive elements).

From Equation (5.18) and Fig 5.25; we conclude that the value of total impedance “Zag” of
the supercapacitor depends upen the applied frequency of the AC-source as shown in Fig

5.25.

The circuit diagram for evaluating the impedance of supercapacitor through combined effect

of voltage sources as evaluated from Equation 5.55 as shown in Fig 5.27.

(" N
Equivelent
Power Source
@i nal \Yi“-;‘ 4 Stretchable ™
v Resr Supercapacitor
Rien’

RP§ = Ce,

. Vs

Fig 5.27: Supercapacitor’s Equivalent Circuit coupled with Equivalent Voltage Source.

For this Analysis we have characterized said supercapacitor using potentiostatic based
Electrochemical Impedance Spectroscopy (EIS). For this, we have fixed the AC amplitude
of Vac= 100mV and vary the frequency range from 10 mHz to 10 kHz at same multi-charge

DC pulses of 0.1Vpc to 1Vpe. Thus, from Equation 5.18:
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— — 2 (Rp)
> 1Zasl = [(Res)? + B (5.18)

As impedance Zag of overall supercapacitors equivalent circuit depends upon the value of
frequency ‘f and the equivalent voltage source (from Equation 5.55) as; for Vac=100mV
and Vpc varies at multi-spectrum. For these boundary conditions of charging source, we have
evaluated the real and imaginary impedances from EIS characterization, as a function of

frequency spectrum range and are shown in Fig 5.18.

As in DC analysis, we applied the limits of zero and Infinity on I(t) measurements. Likewise,
in AC- analysis we have to apply mathematical limits on Frequency domain, and Thevenin's

equivalent of ‘Zap’ of equation 5.18.

When }rirr(l) then equation 5.18 becomes as:

: s 2 (Rp) 2
limiZas| = Jim | Rese)? + e (5.56)

. _ 2 (Rp) 2
},l_rf(l)IZABl— (Rgsgp)? + (5.57)

1+j4mli Rp—~4m2limf2Ceq 2Rp?
]”}%fceq p—4 It leq “Rp

The term }rirr(l)(t)=0, then

lim|Zag| = J(R y2 4 ) ? (5.58)
fo0 AB ESR 1+0—0 :
},i_%leBl =y (Rgsr)? + (Rp)? (5.59)

As, Resr<<Rp, Thus the term ‘Resg’ can be neglected

},i_r}(l)lZABI =V ((Rp))*=Rp (5.60)
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Whereas; when}im , the term lim f = oo, and
—00

[

lim | Zag| = | (Resp)? + &2
fl_{gl aBl = | (Resp)? +— (5.61)

}i_{T(}oleBI =y (Resg)? +0 (5.62)
}LTI;'ZAB| = Resr (5.63)

Thus, when one may increase the frequency of the AC source, the capacitor’s reactance
(impedance) becomes low enough and the serially connected Rggy can be determined. But in
any case, we can't measure exact value of Rgsp because of the wiring resistance as already

explained at length (as referred in Equation. 5.25).

When we apply these limits (as derived from Equation 5.60 and 5.63), on experimental data
measured using EIS analysis (as shown in Fig 5.18(a)); the value of ‘Rp’ can be estimated
from the real Z vs frequency spectra intercepts at lower limit of frequency i.e. at 10 mHz

(as}lrirgl). Also, the capacitance magnitudes can be determined from the imaginary part of

Impedance versus frequency graph (as shown in Fig 5.18-b). As the values of Rggp are very

small, the capacitance of the capacitor can directly be equalized as;

1

J Zimaginary =Xc = TanC (5.64)
where the capacitive reactance ‘j’ is the complex term
J? Zimaginary = Ztlf_c (5.65)
as mathematically /> = -1, so
~Zimaginary =Xo = — (5.66)

2nfcC
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From EIS analysis we have evaluated the spectra of —Zimaginary Vs frequency (as shown in Fig

5.18-b). Thus, the value of capacitance can be determined as:

1
2af|-Zimaginaryl

(5.67)

From Equation. (5.67), the maximum value of capacitance can be determined from the -

minimum value of frequency -Znaginary graph.

Thus, to see the extent of AC and DC analysis as also reported by Negroius et al. [362], on
the same EIS technique but on multiple set of supercapacitors, we have provided the

comparative nurture of both the techniques as shown in Fig 5.28.
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Fig 5.28: Comparative analysis of AC and DC technique for supercapacitors evaluation characteristic
parameters, (a) comparative analysis of ‘Rp’ (b) Comparative analysis of ‘C’

This can be visualized from Fig (5.28), that AC-method shows approximately same extent of
magnitudes of both ‘Re’ and ‘C’. It is because that, the said supercapacitor is powered by
both fluctuating AC and DC-offset voltages. From capacitance point of view, the value of
DC technique shows the rapid fall when voltage decreases (in discharge mode) when
compared with AC-mode. This is because the AC-source is continuously influenced by the
applied frequency on the capacitance element, more actively as compared to ‘Re’.In addition,

alternating source’s frequency does not alter the resistive elements.

54 PVA-KOH Gel Electrolyte Based Supercapacitor
Herein, a specialized PVA-KOH electrolyte has been synthesized to fabricate the super-

capacitor with activated Carbon and graphene ink as an electrode. After successful fabrication
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of said super-capacitor, the initial charge cycle of 1Volt have been spanned to record the
discharge spectra on current and voltage scales separately. For electrical characterization, we
have used multiple techniques in order to assess the said PVA electrolyte including
Electrochemical Impedance Spectroscopy (EIS), Nyquist Plots, Current-Voltage and Charge
Deep Level Transient Spectroscopy (Q-DLTS). Scanning Electron Microscope (SEM),
Electron Dispersive Spectroscopy (EDS), Photo-Luminescence (PL) and Atomic Force
Microscopy (AFM) are also utilized to provide supplementary information to understand the

device functionality in a better way.
54.1 Experimental

For the synthesis and fabrication of said super-capacitor, polymer sheet and dense metal net
are cleaved into 5 cm x 3cm structure and are stuck to each other making current collector of
super-capacitor. The ohmic contacts were made using copper tape at the edges to make
cathode and anode. The active material for electrodes are developed by the mixture of ink-
based graphene flakes and the activated carbon. The one side (anode) of the activated carbon
was chosen about 0.417g and is then encapsulated into the fabric (fabric mass = 0.191g) which
have relatively larger pore size. This encapsulation may provide the mechanical stability over
larger time spans. The PVA/KOH gel electrolyte was prepared by taking 5 grams (56.1056
g/mol) of KOH, 10 grams (44.05 g/mol) of PVA and are dissolved homogeneously in 150 ml
of distilled water at 120 °C with continuous magnetic stirrer for ~ 10hrs. After successfully
formation of homogenized solution, it was poured into Petri plates for drying. This process
was cured again for ~10hrs. All chemicals was purchased from Sigma Aldrich. The fabrication

steps are highlighted in Fig 5.29 below:
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Fig 5.29: Fabrication steps of PYA based Super-capacitor, (1) Polymer sheets for encapsulation, (2)
larger pore fabric for active material encapsulation, (3) Activated Carbon dropped with Graphene Ink, (4)
Interconnection of Anode and Cathode with Copper wire, {5-6) PV A based Electrolyte, (7-8) Super-
capacitor ready for charge/discharge activity

54.2 Characterization

Post —fabrication analysis of the device using the standard imaging/microscopy techniques
was carried out as initial diagnostic test for detailed electrical and charge-based evaluation,
The scanning electron microscope (SEM) imaging of each active region of PVA based super-
capacitor are shown in Fig 5.30. It is analyzed from Fig 5.30 that there is a huge difference
of contrast between standalone activated carbon and graphene induced one i.e. high level of
contrast is a signature of high conductivity when compared with other elements. For
elemental analysis, Electron Dispersive Spectroscopy (EDS) analysis has been performed
and shown in Fig 5.31 It is noticed that dense metal net is the alloy of different active metals
i.e. Fe, Cr, and Co. The EDS analysis of PVA electrolyte shows the presence of potassium
(K) and oxygen (O) elements along with Carbon.
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Fig 5.30: SEM imaging of PVA based super-capacitor’s elements, (a) Activated carbon mixed with
graphene ink, (b} dense metal net, (c) standalone activated carbon and (d) PVA electrolyte
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Fig 5,31: EDS analysis of PV A based super-capacitor’s elements, (a) Activated carbon mixed with
graphene ink, (b) dense metal net, {c) standalone activated carbon and (d) PVA electrolyte
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In order to map the surface roughness of electrolyte, Atomic Force Microscopy (AFM) was
performed on said PVA layer and is shown in Fig 5.32. AFM image indicates that number of
small sized pores are available within the device region that may act as the conduction as -

well as diffusion centers against charge carriers and ions, respectively.

Fig 5.32: AFM image of PV A electrolyte

After successful fabrication and encapsulation of PVA based super-capacitor, it is tested
on different physical loads. There are two physical loads considered for this purpose i.e.
Full Load and No Load. In “Full Load”, the impedance of the derived circuit is subjected
to absolute value which may be about less than 1 ohm i.e. maximum current can flow
through the external circuitry for which subject super-capacitor behaves as charge source.
In “No Load”, the impedance of the external circuit is kept to ~100 MQ (very high) i.e.
no current can flow to the external circuit. In both cases (Full Load and No Load) the
current and voltage magnitudes have been observed. In order to gauge these practical
limits, one has coupled ‘Ammeter’ is coupled for gauging full load electric currents. This
is because of fact that the internal resistance of ‘Ammeter’ is extremely low. For gauging
the voltage of the super-capacitor, the input of Analog-to-Digital Converter (ADC) is
measured because the input resistance of ATMega328 ADC is ~100MQ [363]. Fig 5.33
shows the schematic diagram and it’s Full and No load circuits operated by the fabricated

PV A based Super-capacitor.
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Fig 5.33: Schematic diagram of PVA + KOH based SC, (a) Layer wise structure of SC, (b) Full load
equivalent circuit of SC, (¢) No Load equivalent circuit

For practical perspectives, the super-capacitor is physically charged at 1 volt using Switch
Mode Power Supply (SMPS) for a | minute duration. After charging, the discharge nature is
inspected and the full load current and no load voltages are scanned, respectively. Fig 5.34
shows the discharge current and voltage characteristics as function of time. During discharge
analysis, each parameter has been recorded at ~30 minutes span. For current and voltage

measurements, a FLUKE 15B and ATMega328P Integrated Chip (IC) has been used,

respectively.
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Fig 5.34: Discharge characteristics at Full and No Load conditions

In order to gauge the extent of voltage sustainability, the discharge voltage curve at no
load is shown in Fig 5.34. This has been noticed from discharge voltage spectra that as
soon as the charging source was removed, the initial discharge voltage level suddenly
decreased from 1 volts to ~0.64V. This rapid initial discharge is due to the possible trap
centers placed within the band gap of PVA based electrolyte. This possibly due to the
fact that whenever the charging voltage drops the columbic charges recombine
themselves at a relatively low energy level rather than the entire band gap energy (which
will be explained at length in next section). Thus, an eventual rapid drop of voltage is
observed. During this time span, whenever the voltage drops, we call it as ‘Dead Zone’
because in this time interval no voltage can be sensed at the load terminals. After the
‘Dead Zone’ interval, the extent of charge is going to decrease at the internal self-
discharge resistance [356], thus, the voltage magnitude at the anode/cathode terminals
falls. The stored charge in form of voltage sustains 0.64V to 0.2V at ~10 minutes duration
which is called ‘Operation Zone’ of the super-capacitor. This magnitude may increase by
increasing the cascade architecture of super-capacitor’s network. For discharge current
magnitude, literature [6] has suggested that super-capacitor may be inspected at variable
physical resistive loads i.e. higher the load resistance larger will be the charge storage
capability [6]. However, in this study, we plan to apply maximum load (i.e. extremely
low resistance) in order to asses as to how much time is needed to fully discharge the said

PVA based super-capacitor at full physical loads. Fig 5.34 shows that discharge current
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magnitude falls exponentially from 2000pA - 10pA within ~30 minutes span. For low
current applications, this may provide significant time power backup at just 1 minute of
charging. If one’s application needs relatively higher currents i.e. ~ 2mA-0.5mA; this
super-capacitor may provide it for 3 minutes. If physical load needs the power for a larger
time duration, one needs to add more super-capacitor in a parallel fashion. The electrical
circuitry of the subject electrical loads is depicted in Fig 5.35. This can be visualized that
super-capacitor is connected with 1Volt charging source for ~Iminute and after this
interval the selector knob revives to the physical load and super-capacitor discharges

itself on that specific load.

Equivalant Circnit of Supercapacitor

T e AN
Resr
Charging EIS C

o || T
g

LOAD

Fig 5.35: Electrical schematic overview of the super-capacitor’s equivalent circuit and the test bench

In order to see the impact of PV A based said electrolyte on the charge transfer mechanism
and impact of graphene based activated carbon electrode; Electro-Chemical Impedance
(EIS) is used as diagnostic technique. In this technique, oscillating electric potential
superimposed onto the desired DC potential and the Impedance of the system can be
calculated. It can be seen from Fig 5.34 that the discharge voltage continuously decreases
exponentially from 1V to the level zero. During this time span, each voltage level impacts
on the overall functionality of the super-capacitor. Fig 5.36 shows the pictorial diagram
of the said super-capacitor at desired charged potential. Poly-Vinyl Alcohol (PVA) would
act like a separator and the KOH splits into K™ and OH ions during the charged state.
Both ions may play a significant role during charge collection and storage mechanism.
These ions form electronic double layers at the electrodes and the interface of electrolyte.
The main advantage of this scheme is to provide high columbic interaction which
separates opposite charges to reduce recombination at their interface and consequently
causes larger time to store charge. Contrary to that fact, if the separator layer provides

conduction to the collected charges as a result of diffusion of ions into the electrolyte; the
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super-capacitor may self-discharge. Thus, higher the ionic conduction extent lower will

be the charge storage time.
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Fig 5.36: Ionic charge state for PVA and KOH based Electrolyte

In order to further understand this phenomena the Nyquist Plot obtained using EIS is
presented in Fig 5.37. The plot shows the behavior of the fabricated super-capacitor at
different DC charging potentials in order to evaluate the overall discharge mechanism that
was reported in Fig 5.34. The Nyquist analysis has been performed at each particular bias
and shown in Fig 5.37. Referring to Fig 5.35, when the super-capacitor knobbed at EIS
terminals, this has indicated that the alternating signal was superimposed onto the DC level. |
In our work, we have fixed the amplitude of the AC source and varied the frequency ranging -
from 100mHz to 10kHz. At higher frequency, the capacitive element in Fig 5.35 shows |
almost short circuit to the relevant fluctuating signal and the electric current density is only
limited by the value of Resr. However, at extremely lower frequency i.e. ~100mHz, the
capacitive element provides maximum opposition to charge flow, thus, the current density is

limited by both Resg and Rp.
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Fig 5.37: Nyquist Plot against each discharge DC potentials

Fig 5.37 shows the Rp and Resg magnitude on Real-Z scale. From this approach, one can
calculate the electrolyte resistance which is ~19€2 for all said charging conditions. Physically,
Resr value corresponds to the electrode resistance and Rp is the self-discharge resistance.
The value of Resr should be as low as possible and Rp as high as possible for practical
purposes (desirable functionality of super-capacitor). The value to Resg and Rp corresponds
to 26-28C2 and 44-47.6€), respectively. For any super-capacitor ‘Rp’ is the danger mode of
resistance because if its value is too small the super-capacitor may charge itself quickly but
as soon as the charging source is removed it discharges itself very quickly because of lower
Rp magnitude. For such case, we measured this value as 44.5-47.5Q (Rp) for the fabricated
super-capacitor. Another approach that can be predicted from Nyquist Plot of said super-
capacitor is the non-linear region near the low-frequency scans i.e. how the charge is
localized during the charging process. Fig 9 also points towards this specific nurture. Also,
this phenomena is inspected from the slope of non-linear region i.e. if the slope is higher the

charging process could be controlled by the Electronic Double Layer (EDL) formation and
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if the slope is lower, the charging process could be limited by the ionic diffusion into the
electrolyte itself {364]. For the PVA based super-capacitor in our case; the 0.7-1V charging
voltages shows ionic diffusion which may limit the entire process. For relatively lower
charging biases less than 0.7V the EDL mechanism may get strengthened and charge may be
governed by this phenomena. While comparing this specific behavior with the discharge
characteristics (Fig 5.34), the super-capacitor’s voltage from 1V to 0.64V drops very quickly
without any further electronic load and hence lie in the ‘Dead Zone’ i.e. no voltage signal can

stay between this operational range (1-0.64V),

There are two possible directions of current flow which are highlighted in Fig 5.38. One is
from x-axis to z-axis (xz) direction during charging mode of course as highlighted in Fig 5.34.

Another critical dimension is xy-plane because there is electrical resistance in this plane of

PVA electrolyte.
-—Rx: Resistancce offered o x-plans -~Rxy: Resistance offered in xyv-plame
—Ry: Resistancce offered in ¥-plane —Rxz: Resistance offered in xz-plans
—Rz: Resistance affered in z-plane
: " urrent Collecto
Current Collector PV Elecirohte  Curvemt Blrection Current Collector

Porons
Electrode

Electrode

verd

-plane
Fig 5.38: Direction of Current Flow with respect to geographical plancs

In order to gauge this behaviour two points are probed at xy-plane and current-voltage (1-V)

analysis 1s performed. The 1/slope of I-V curve provides the resistance between two points

placed onto the plane i.e. ~100 k{2 at a temperature of 300K. For an optimum super-capacitor,

the resistance of the electrolyte at xy-plane should be as high as possible because no charge
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carrier may flow towards this plane. The current however flows (as shown in Fig 5.37) and
may cause to reduce the energy of the charge carriers collected by the charging mechanism
From band gap analysis perspective, the energy needed to conduct the collected charge

carriers on xy-plane can be calculated by Arrhenius Equation 5.68 [319].

os = goeFa/KT (5.68)

Where ‘o;’ is the conductance of the two points placed on the xy-plane at temperature ‘7" and
‘g, is the conductivity at absolute temperature, ‘K’ is the Boltzmann constant and ‘Ea’ is the
activation energy needed to conduct the charge carrier ( which should be as high as can be
achieved ). In order to calculate the activation energy of the fabricated device, it was probed
at given xy-plane with current-voltage spectra recorded at 300-325K temperature range. The
activation energy was calculated by the linear approximation of Equation 1 i.e. ~0.724eV.
Fig 5.39 shows the current voltage analysis of subject PVA based super-capacitor at given

temperatures.
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Fig 5.39: Current-Voltage analysis of PVA based Electrolyte at variable temperatures

The ‘Dead Zone’ (refer to Fig 5.34) is the region where charge does not become static at a
given charging voltage which may due to the available trap centers that provide instant
leakage path to the collected charge carriers. In order to locate the possible trap centers
available within the PV A electrolyte, we have performed two different techniques i.e. Charge
Deep Level Transient Spectroscopy (Q-DLTS) and Photo-Luminescence (PL) spectroscopy

to help us understand it better.
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Q-DLTS is the charge relaxation technique based on the measurement of transients produced
during discharge time interval followed by required charging potential [365-367]. In our case,
we have intentionally subjected the PVA electrolyte at ground zero potential and applied 1
V charging bias to the xy-plane for a limited duration of ~10ms. After this duration, the
applied bias was removed and the device reduced its potential from 1V to the ground zero in
a time duration known as ‘Discharge time’. During this specific time interval the device
reduced its voltage level followed by the charge transients. The overall Voltage-Charge (V-

Q) curve concept of given technique has shown in Fig 5.40 below:
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Fig 5.40: Voltage-Charge (V-Q) analysis of PVA based Electrolyte

From discharge events the change in the charge magnitude (AQ) was recorded and plotted as
a function of special expression i.e. rate window (). This rate window is a function of time
for which change in charge magnitude has been recorded i.e. the initial discharge time (t)
and the final discharge time (t2). In order to minimize phase-assisted errors, times t2 and t;

should be perfectly matched i.e. to/t; = constant.

Where ‘e, is the emission rate of the charge carrier and can be related as:
321 2 Er
e, =023 — km, T?exp(— 1) (5.69)

Where, ‘o’ is the capture cross section, ‘k’ is the Boltzmann constant, ‘m,’ is the effective
mass of electron, “T” is the temperature, ‘h’ is the plank’s constant and ‘Et’ is the trap level

energy localized within the band gap of PVA.

For the trap level localization of such PVA electrolyte specifically associated to given 1V
charging potential, one needs to scan Q-DLTS spectra against multiple temperature scans.

The temperature window was chosen same as for current-voltage scenario. The Q-DLTS
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scans of given PVA based electrolyte are shown in Fig 5.41. The maximum magnitude of
the change in charge level against respective rate window () points the trap center and its
value can be emulated by linear approximation of Equation 5.69. From such analysis, one
can find the trap level location and its respective capture cross section. The graphical

representation of current-voltage and Q-DLTS based Arrhenius plots are shown in Fig 5.42.
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Fig 5.42: Arthenius analysis of Current-voltage and Q-DLTS scans

The trap level sign is positive i.e, +1.23eV, which directs that this level is above the valance
band edge (Ev+1.23eV). The capture cross section (with the units of ‘area’) actually

corresponds to the power of said trap level. It is the ability of the trap to capture the free
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charge carriers from its respective band edge, thus, higher the capture cross section higher
will be the carrier loss at each respective trap position. In our case, the charge at 1V quickly

diminish due to this specific trap energy level located into the PVA polymer.

High energy laser light of 325nm wavelength was shone onto the device through optical
circuits and spectral response was mapped in Photo-Luminescence (PL) spectroscopy setup
and shown in Fig 5.43. As the PVA absorbed the high energy light, the carriers in PVA
electrolyte gains this specific energy and crossed its band gap. From this approach, one can
find the band gap energy of PVA electrolyte as well as the trap centers can also be estimated

from these spectra.
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Fig 5.43: Photo-Luminescence (PL) scans of PV A based Super-Capacitor Electrolyte

From this analysis it is found that the band gap of PVA is ~ 3.05¢V which is in close
agreement to the reported literature [368]. It is also noticed that a trap center at 1.59eV exists
within the band gap of PVA electrolyte. The Full Width and Half Maxima (FWHM)
identified against each mapped energy actually points towards the defect states at a given
energy level. The energy band picture of PVA based electrolyte along with the trap centers
measured by Q-DLTS and PL spectra is shown in Fig 5.44. This can be observed from Fig
5.44 that the trap level measured by Q-DLTS technique is recombination in nature i.e. around
this energy level maximum carriers may be captured as soon as one may charge the super-
capacitor against 1V potential. As the carrier gets captured by this trap center, less carriers

are available to the device and as a result lesser magnitude of voltage may be observed even
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at no-load condition. As for the PL assisted trap center is concerned; this may be e¢ither the
recombination or generation one. To our assessment; this center may likely be recombination
one because carriers continuously diminish at the internal self-discharge resistance which is

mainly due to electron-hole pair recombination phenomena.

Band Picture: PVA + KOH based Gel Electrolyte
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Fig 5.44: Energy band picture of PVA based Electrolyte

5.5 Comparison with the reported Devices

Based on our methodology, fabrication and characterization of stretchable supercapacitor is

echived with the following three strategies:

® PEDOT:PSS based Supercapacitor
®  AC-DC Analysis of Supercapacitor

=  PVA-KOH based Supercapacitor

The details pertaining to the key works published in literature compared with the findings

presented in sections 5.1-5.4 are given in the following section.

PEDOT: PSS: Conductive Polymers (CPs) show unique properties like toughness, low-
temperature synthetic routes, high elasticity, and solution processability. Several properties

of conductive polymers are shown in Table 5.4.
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Table 5.4: Conductivity and Properties of common conductive polymers.

Polymer Conductivity Properties Limitations Ref.
S/em
High electrical
PPy 2000 Conductivity, easy | Stiff, inelastic
) ; [369]
preparation, ease of | and insoluble
surface modification
Hard to
Various structural process,
PANI 12 forms, low cost limited [370]
solubility
High electrical
PTh 560 Conductiv.ity, ease of Hard to (371)
preparation, good process
optical properties
High electrical More process
PEDOT:PSS 4700 Conductivity, use as [372]
transparent electrode steps

PEDOT: PSS is used as the most researched and successful conducting polymer due to its high

chemical stability and electrical conductivity.

Khasim et al. reported high performing PEDOT: PSS based flexible supercapacitor. By
secondary doping, reduced graphene oxide (rGO) is incorporated with PEDOT:PSS [373].
Room temperature conductivity of PEDOT:PSS film is enhanced from 3 S.cm™ to nearly
1225 S cm™ for a 10 wt% composite, by secondary doping of Ehtylne glycol(EG) with rGO.
Energy density of 8§10 (W h kg™!) and specific capacitance of 174 (F.g™!) is achieved by
secondary doped PEDOT-PSS:EG/rGO composite film. Long term stability is shown with
5000 cycles of charging discharging are achieved with capacitance retention of over 90%.
Fig 5.45 shows the schematic diagram of fabrication process of flexible electrode. EIS is used
to study the capacitive behavior of PEDOT-PSS:EG/rGO nanocomposites and pristine
PEDOT-PSS by measuring equivalent-series resistance ‘Req’, and charge-transfer
resistance ‘Ret’. Fig 5.46 shows Nyquist plots of differnet composites of PEDOT—

PSS:EG/rGO. It shows vertical plot at low frequencies region where the electrodes are
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dominated by purely capacitive behavior. A rolled up device is also constructed to show the
practical applications which shows that when the capacitor is fully charged it can switch red

LED for 40 seconds [373].

"

PEDOTSS:EG}rGO Thin Fiim
i

\ - Gold Electrodes

A Fully Charged Film, Powersd for 30 Minutes to emit Red Light

Fig 5.45: Schematic representation of flexible electrode fabrication [369}
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Fig 5.46: Nyquist plots for pure PEDOT-PSS and EG doped PEDOT-PSS:1GO composites [369]

Manjakkal et al reported sweat-based flexible supercapacitor for self-powered smart textiles
and wearable systems. PEDOT: PSS is selected as active electrode while sweat is selected as

electrolyte, for fabrication of SC. [374]. Fig 5.47 shows the fabrication process the textile SC

and electrodes.

: Fig 5.47: a} Fabrication Process of PEDOT:PSS-based electrodes on cloth. b} Cloth before coating (¢} cloth
= after PEDOT: PSS coating [374]
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SC shows specific capacitance of 8.94 F g™' (10 mF em™?) at 1 mV s~!, when PEDOT:PSS
coated onto cellulose/polyester cloth. With artificial sweat , the specific capacitance of SC
is 5.65 F g™!, power and energy densities are 329.70 W kg™' and 1.36 Wh kg™ respectively
for 1.31 V. While using real human sweat the values of power and energy densitics are 30.62
W kg'l, and 0.25 Wh kg™!, respectively. The performance of SC is evaluated with different
volumes of sweat (20, 50, and 100 pL), charging/discharging stability (4000 cycles),
washability, and bending radii (10, 15, 20 mm). Fig 5.48 shows the performance of sweat-

based SC in real life.
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Fig5.48: Performance of the sweat-based SC in real application, a) SC attached to clothes of a person who is
partly wet due to sweat, b} The CV (inset EIS) and ¢} GCD analysis d} SC attached to clothes of a person who
is fully wet due to sweal e,f) GCD and CV analysis of the fully wet SC. h—j) The textile SC on a polar pro
sirap for conformal contact and k) SC performance with sweat during workout

Song et al reported a PEDOT: PSS based flexible high conductivity transparent electrode -
(denoted as S-PH1000} for semitransparent supercapacitor [375]. Flexible plastic substrate

and transparent electrode via HaSO4 treatment was used to achieve high conductivity of 2673
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S/cm. This is the top electrical conductivity of flexible substrates with PEDOT: PSS films.
High rate property of this electrode is achieved by finding the electrochemical properties. It
shows specific capacitance of 121 F/g and 161 F/g and was obtained from electrode at current
density of 100 A/g and 1 A/g. It also shows high transparency over 60% at 550 nm. Due to
high electrical conductivity, excellent flexibility, and transparency, these flexible transparent

electrodes are expected to be applied to electronic devices.
Critical Analysis:

From above mentioned works [369-375], it was found that PEDOT:PSS is among most
researched and successful conducting polymers due to its high chemical stability and
electrical conductivity. However, PEDOT: PSS shows inhomogeneous electrical and
morphological properties resulting in poor long-term stability and causes the limitation in its
shelf-life [346]. Thus, a detailed amount of investigations are needed in order to practically

gauge the actual cause that may limit its long term performance.

Our Contribution:

In order to do so, a detailed account of an aged PEDOT:PSS based supercapacitor was
performed in terms of Current-Voltage (I-V), Electrochemical Impedance Spectroscopy
(EIS) and Charge Deep Level Transient Spectroscopy (Q-DLTS) measurements under 0.1-
1V charging voltages at variable ambient temperatures. Evaluation of age-assisted defects
and influence of temperature on the current kinetics of the supercapacitors were also
presented with detailed reliability analysis for system level application of the fabricated
device. PEDOT: PSS based supercapacitor was fabricated and spanned over more than ~120
days to be subsequently characterized with a special focus to evaluate the charging and
discharging nature of aged supercapacitor. From Q-DLTS study, the two defect centers are

measured and calculated i.e. Eti = Ec-0.0305 eV with capture cross section of 2.05x10° cm™
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2 and Er, = Ev+0.0896 eV with capture cross section of 9.13x102* cm™. While increasing
the ambient temperature of the supercapacitor and to inspect the charging nature; the said
supercapacitor provided better charge storage capability at near ambient temperatures i.e. 26-
36 °C when compared with higher operating temperatures i.e. >36°C; at these temperatures;
the charging current was observed to fall dramatically. The ambient temperature of the
device is also found to be responsible to raise the extent of trap states which might also
increase the available ‘space discharge states’ and thus decreases the charging current. Also,
from this study the Self-discharge (especially during standby time) is readily evaluated
effectively due to the recombination mechanism. These recombination centers are thought to
trap the charge carriers from their respective bands and recombine at their own interface
rather at the load terminals and degrades the overall supercapacitor’s performance. From EIS
study, it is analyzed that by increasing the charging voltage, the parallel resistance (Rp) of
the supercapacitor might decrease which consequently increase the self-discharge capability
and limits the supercapacitor’s performance. The kinetics of current (I-t) analysis of the said
supercapacitors revealed that higher temperatures might limit the device performance for
system level applications. In this wake, it is found that at 1V charging bias, the charging
current is recorded as 45 pA and 7 pA at 26°C and 86°C, respectively. Both aging-assisted
defects and current kinetics due to variable operating temperatures may prove to be important
parameters while designing the process strategies for flexible and stretchable PEDOT:PSS
based supercapacitors for real-time system integration. This approach is an altogether novel

one while comparing with the published works on PEDOT: PSS based supercapacitors.

AC/DC Analysis of Supercapacitors:

Pico et al reported the fabrication of single walled carbon nanotubes (SWCNT) and
commercial activated carbon based supercapacitors [376]. The relative content of the two

carbons has been varied in the range 0—100 wt %. Fabricated supercapacitor is being studied
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at room temperature by AC and DC measurements. AC response is analyzed on the basis of
equivalent circuit of supercapacitor for two relaxation times 1; and 72, i.¢. initial time 1-10 s
and the latter time of the order of 107107 s. Impedance plots of real impedance vs
imaginary impedance is plotted at different frequencies for different compositions as active
electrodes composites 90 wt % activated carbon and 10 wt % SWCNT, and 30 wt % activated

carbon 70 wt % SWCNT as shown in Fig 5.49,
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Fig 5.49: Imaginary impedance vs real impedance recorded on the supercapacitor cells having as active
electrodes composites (a) 90 wit % activated carbon and 10 wt % SWCNT (b) 30 wt % activated carbon 70 wt
% SWCNT [376)
From the two graphs we can see (i) electrolyte Resistance Re 0.5, (ii) Resistance Re
associated to Capacitance of the order of 107 F and gives to an arc {iii) a spike (vertical line), :
which is characteristic of the double layer capacitive behavior Ce of the cell; the capacitance
Ce is of the order of 1 F and it can be estimated from the ideal equation Z = —1/Ce o at the

spike. DC measurements were performed by taking charge/discharge curve of supercapacitor

at 20 mA with 55 wt % of active carbon and 45 wi% SWCNT as shown in Fig 5.50.
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Fig 5.50: Charge/discharge curve of supercapacitor at 20 mA with 55 wt % of active carbon and 45 wi%
SWOCNT

From the discharge plots the Equivalent series resistance of the supercapacitor cell can be
estimated by ESR = AV/2] and capacitance can also be determined by C= Ity/AV?. It is found
that ESR is approximately equal to Rc + Re found from AC measurements. ESR different

values are obtained by varying Re , as Re is almost constant from cell to cell.

Zhao et al reported a method to determine the DC internal resistance of supercapacitor.
Supercapacitor with 350 F capacitance is tested to validate the results. Voltage data were
taken at 30s, 2 s and 10 ms after current pulse.. The internal resistance was measured by

equation 5.70,
Re=(V2-V)/(—-1) (5.70)

where I| and 1> are the current values before and after the current change, either interruption
or pulse and ¥} is the voltage before the current change, ¥ is the voltage taken at 30 s,2 s
or 10 ms or after the current change. AC resistance of 1 KHz of the supercapacitor were
measured and compared with DC values and found that it is good parallel reference for dc

resistance measurement at 1 ms time frame [377].
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Critical Analysis:

From above mentioned works [376-377], only the characterizations based on AC and DC
analysis have been performed however the background theoretical framework specific to the
tailored stretchable supercapacitors is missing. In our study, both AC and DC approaches and

have been rigorously worked out with the relevant mathematical frame work from ab initio.

Our Contribution:

Internal passive components of the supercapacitor are rigorously studied in the wake and the
conventional circuit theory. From this approach, we have numerically solved the
supercapacitor’s internal parameters in view of frequency and time domain. In order to do
so, a stretchable supercapacitor is fabricated using a specialized gel electrolyte and a dense
metal net. A detailed mathematical analysis in special preview of alternating current (AC)
and direct current (DC) techniques has been carried out with multi-charge pulses ranging
from 1V to 0.1V. For AC and DC Analysis, impedance spectroscopy and kinetics of currents
has been performed. Additionally, the Charge based Transient Spectroscopy (Q-DLTS)
measurements are performed in order to analyze the transient behavior. AC and DC analysis
are perfomed to estimate Rgsr, Rp, and effective Capacitance of the supercapacitor. Thevenin
equivalent model along with complete mathematical expressions is solved rigorously.
Additionally, Frequency and time domain analysis of supercapacitor have been also carried
out with mathematical limits applied for each boundary conditions. For DC analysis, we have
biased the supercapacitor under 0.1-1V range at multiple temperatures and calculated the

performance parameters. When ltin(} is applied, the value of Resg was found to be limited by

the wiring of the measurand instrument. We have concluded that the value of Resg would not
be retrieved from its original nature alone, because of the serially connected wires of the

measuring instrument. To solve this ambiguity, we proposed a differential amplifier based
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model. Additionally, the internal discharge resistance (Rp) and the capacitance magnitudes
are measured by DC and are compared with AC technique. The value of Rp was calculated
around ~656kQ) and 936k for DC and AC analysis, respectively. The Capacitance
magnitudes were calculated around 3E-5 F and 7.34E-5 F for DC and AC analysis,
respectively. In order to study the lossy nature of said supercapacitor (caused by Rp.), we
have envisaged this phenomenon by using Q-DLTS and evaluated the possible reason behind
this self-discharge nature. From these measurements we have obtained the trap energy level
(~Ec-78.7meV) that is responsible for the charge leakage at the internal self-discharge

resistance-of the supercapacitor.

PVA/KOH based Supercapacitor:

Yuan et al reported fabrication of hybrid supercapaitor with activate carbon as electrodes and
PVA-KOH- H20 containing 5 M KOH as alkaline polymer gel electrolyte as shown in Fig
5.51. EIS, Cyclic Voltammetry and galvanostatic charge discharge measurements were
applied to find the characteristics of hybrid supercapacitor at different tempeartures i.e -20 to
40 °C. it revealed interesting results like by increasing the temperature the conductivity of
alkaline polymer gel electrolyte increases, and decreasing the charge transfer resistance.
Energy density of 26.1 Wh/kg and specific capacitance of 73.4 F/g was achived at current

density of 0.1 A/g at 40°C is achieved [378].

Vandana et al. reported fabrication of solid state supercapcaitor based on conjugated
polymer-quantum dots. Polypyrrole-graphene quantum dots composites (PGC) are used as
electrode while PVA/ H;PO4, PVA/ KOH, PVA/KCL and PVA/ H,SOs4 gel as electrolytes.
Nyquists plots were ploted for all these combination of gel electrolytes. The Specific

capacitance is calculated and comparison is plotted in Fig 5.52 [379].
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Fig 5.51: Schematic design of the hybrid supercapacitor [378]

QianZhang et al reported fabrication of high performance MnQ»//PVA-KQOH//carbon
nanotubes based wire-shaped supercapacitor. MnQ, is poor electrical conductor, so to
improve its conductivity copper wire is used as current collector in inner electrode.
Hydrothermal method is used to insert PVA-KOH gel electrolyte and removal of SiQO-, .
simultaneously. High energy density (0.16 mWh ¢m™), good capacitive performance (1.98 |
F cm™?) and long term cycling stability (90.38% of capacitance retention at 0.15 A cmafter

4000 cycles) with flexibility is achieved by wire shaped supercapacitor [380].

161



g

i

Specific capacitance (F/g)
8

Gel electrolytes

Fig 5.52: Specific capacitance comparison of different Gel eletrolytes [379]

Critical Analysis:

From above mentioned works [378-380], it was found that PVA/KOH has been widely
studied and used as PVA based gel electrolyte for supercapacitors. PVA/KOH based
supercapacitor is characterized on a well-known charge and discharge basgd technique that
is cyclic voltammetry in which forward and reverse cycles are applied in order to obtain the
charge and discharge hysteresis of subject supercapacitor. However the real time charging
and discharging nature at specific loads were not gauged in any PVA/KOH based

supercapacitor.
Our Contribution:

In our study, a specialized PVA-KOH electrolyte has been synthesized to fabricate the super-
capacitor with activated Carbon and graphene ink as an eclectrode. After successful

fabrication of said super-capacitor, the initial charge cycle of 1Volt have been spanned to
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record the discharge spectra on current and voltage scales separately. For electrical
characterization, we have used multiple techniques in order to assess the said PVA electrolyte
including Electrochemical Impedance Spectroscopy (EIS), Nyquist Plots, Current-Voltage
and Charge Deep Level Transient Spectroscopy (Q-DLTS). Scanning Electron Microscope
(SEM), Electron Dispersive Spectroscopy (EDS), Photo-Luminescence (PL) and Atomic
Force Microscopy (AFM) are also utilized to provide supplementary information to
understand the device functionality in a better way. After successful synthesis of PVA based
electrolyte, active layers of said super-capacitor was stacked. The active electrode was
developed by intermixing of graphene flakes and activated carbon and subsequently
sandwiched into the larger pore sized fabric layers. After successful development of super-
capacitor it was charged at 1V for just one minute duration and the discharge characteristics
were mapped. The fabricated super-capacitor discharged itself completely at ~30minutes
both at no and full load operation. There was a dead zone observed with effective window of
1-0.64V where no physical charge would be measured. Thus, for such type of super-
capacitor, 0.64V was the charging potential in order to physically monitor the charge without
lacking the charging voltage. For discharge cycle, the full load current was scanned from
2000-10pA for the same duration of 30 minutes at just 1V and 1minutes charging span. In
order to gauge the physical extent of Randles cell of super-capacitor, the EIS spectroscopy
was performed and the Nyquist plot was analyzed. It was found that 1-0.6V potential
provided ionic diffusion into the PVA electrolyte that maight degrade the super-capacitor’s
efficiency, which provided cross-verification of discharge characteristics observed from the
discharge cycle. The self-discharge resistance (Rp), equivalent series resistance, electrolyte
resistance was calculated to be ~ 472, 28Q and 19€, respectively. The fabricated device was
also studied with special reference to the direction of current flow within electrolyte as a

function of different geometrical planes (possible current associated with each respective
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plane). The charge based transient analysis of PVA electrolyte was performed in order to
investigate the dead zone. It was found that recombination center at Ev+1.23eV available
within the band-gap of PVA electrolyte might provide the conducting path to the free carriers
and eventually degraded the super-capacitor’s performance. Photo-Luminescence (PL) study
also revealed that the band gap of PVA is ~3.05eV and the trap center was localized at 1.59
eV. The SEM and EDS analysis was also performed for morphological and elemental studies :
for each device element of the super-capacitor. The AFM analysis was also performed to
investigate the surface roughness which may provide an insight of the surface area connected
with the active electrodes. This study provided an insight to the charge dynamics with in the |
active device regions and their roles in operational efficiency of the PVA-based electrolyte

for the stretchable super-capacitors manufacturing.

A detailed conclusive summary of this specified chapter has been asserted in Chapter 6.
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Chapter 6

Conclusion & Future Work

We have extensively envisaged the PEDOT:PSS, AC/DC analysis of Polyurethane based
Supercapacitor and PVA based Supercapacitor. The case wise conclusion and corresponding

future work has been elaborated below:
6.1 Conclusion

The section wise conclusion has been postulated and discussed in detail as:
6.1.1 PEDOT:PSS Based Super-capacitor:

PEDOT: PSS based supercapacitor was fabricated and spanned over more than ~120 days to
be subsequently characterized with a special focus to evaluate the charging and discharging
nature of aged supercapacitor’s for the very first time, to the best of our knowledge. In this
work, we have utilized Q-DLTS to study the native defects placed at the PEDOT:
PSS/electrolyte interface which are responsible for the inhomogeneous nature of subject

device. Summary of the major findings are as follows:

® From Q-DLTS study, the two defect centers are measured and calculated i.e. E1; =
Ec-0.0305 eV with capture cross section of 2.05x102° cm™? and Er, = Ev+0.0896 eV
with capture cross section of 9.13x102* cm.

e The ambient temperature of the device is also found to be responsible to raise the
extent of trap states which might also increase the available ‘space discharge states’
and thus decreases the charging current.

e The Self-discharge (especially during standby time) is readily evaluated effectively

due to the recombination mechanism. These recombination centers are thought to trap

165



the charge carriers from their respective bands and recombine at their own interface
rather at the external load terminals and degrades the overall performance of the
supercapacitor.

From EIS study, it is analyzed that by increasing the charging voltage, the parallel
resistance (Rp) of the supercapacitor may decrease which consequently increases the
self-discharge capability and limits the supercapacitor’s performance.

The kinetics of current (I-t) analysis of PEDOT:PSS supercapacitors revealed that
higher temperatures might limit the device performance for system level applications.
In this wake, it is found that at 1V charging bias, the charging current is recorded as
45 pA and 7 pA at 26°C and 86°C, respectively.

The aging-assisted defects and their respective current kinetics at variable operating
temperatures may prove to be important parameters while designing the process
strategies for flexible and stretchable PEDOT:PSS based supercapacitors for real-

time system integration.

6.1.2 Alternating and Direct Current (AC/DC) analysis of Polyurethane Based Super-

capacitor:

A stretchable and foldable Polyurethane substrate along with dense metal net was fabricated

and spanned for ~15 days, in order to properly mitigate the electrolyte with anode and cathode

within the device matrix. In this study, we performed AC and DC analysis to estimate Rgsr, .

Rp, and effective Capacitance of the supercapacitor. Thevenin equivalent model along with

complete mathematical expressions was also solved at length. Additionally, Frequency and

time domain analysis of supercapacitor was carried out with real time physical mathematical

limits applied for each boundary conditions. During the experiments for DC analysis, the

supercapacitor was biased under 0.1-1V range at multiple temperatures and performance

parameters were conducted. Summary of major findings are:
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¢ For such type of supercapacitor; when ltin(} was applied, the value of Resg was found

to be limited by the wiring of the measurand instrument.

e During these characterizations we concluded that the value of Resg would not be
retrieved from its original nature alone, because of the serially connected wires of the
measuring instrument. A differential amplifier based model may overcome this
ambiguity, when used to model the device operational behavior.

e The internal discharge resistance (Rp) magnitudes was measured and compared by
both the techniques. The value of Rp was calculated around ~656k€2 and 936k for
DC and AC analysis, respectively.

o The Capacitance (C) magnitudes was measured and compared as 3x107 F and
7.34x10”F for DC and AC analysis, respectively.

¢ In order to study the lossy nature of said supercapacitor (caused by Ry.), we envisaged
this phenomenon by using Q-DLTS and evaluated the possible reason behind this
self-discharge nature. From Q-DLTS measurements, it was found that the trap energy
level (~Ec-78.7meV) was responsible for the charge leakage at the internal self-

discharge resistance-of the supercapacitor.
6.1.3 PVA-KOH Based Super-capacitor:

A detailed study was carried out for the evaluation of duly synthesized KOH based PVA
electrolyte for stretchable super-capacitors.The active electrode was developed by '
intermixing of graphene flakes and activated carbon and subsequently sandwiched into the
larger pore sized fabric layers. After successful development of super-capacitor it was
charged at 1V for just one minute duration and the discharge characteristics were mapped.

Major findings of this work is as follows:
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The fabricated super-capacitor completely discharged itself in ~30minutes both at no
and full load operation.

There was a dead zone observed with effective window of 1-0.64V where no physical
charge would be measured. Thus, for such type of super-capacitor, 0.64V was the
charging potential in order to physically monitor the charge without lacking the
charging voltage.

For discharge cycle, the full load current was scanned from 2000-10pA for the same
duration of 30 minutes at just 1V and 1minutes charging span.

In order to gauge the physical extent of Randles cell of super-capacitor, the EIS
spectroscopy was performed and the Nyquist plot was also analyzed. It was found
that 1-0.6V potential provided the ionic diffusion into the PVA electrolyte that might
degrade the supercapacitor’s efficiency, which provided cross-verification of
discharge characteristics.

The self-discharge resistance (Rp), equivalent series resistance, and electrolyte
resistance were calculated to be ~ 47€2, 28Qand 19Q, respectively.

The direction of current flow within electrolyte as a function of different geometrical
planes (possible current associated with each respective plane) was also envisaged in
these experiments.

In order to investigate the dead zone, the charge based transient analysis of PVA
electrolyte was performed. It was found that recombination center at Ev+1.23eV
available within the band-gap of PVA electrolyte might provide the conducting path
(leakage) to the free carriers and eventually degrade the super-capacitor’s
performance.

Photo-Luminescence (PL) study also revealed that the band gap of PVA is ~3.05¢V

and the trap center was localized at 1.59 eV within the device active region.
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The SEM and EDS analysis was carried out for morphological and elemental studies
for each device element of the supercapacitor. Similarly; the AFM measurements
were done to investigate the surface roughness which provided an insight of the
surface area connected with the active electrodes.

This study provided an insight to the charge dynamics with in the active device
regions and their roles in operational efficiency of the PVA-based electrolyte for the

stretchable supercapacitor’s manufacturing.

6.2 Future Work

In future, a range of organic materials may be examined for the optimum utility and efficiency

of stretchable supercapacitors. Some of the key domains that need to be addressed in detail

for next generation supercapacitor technologies are as follows:

Different conducting polymers including metal oxides such as MnO3, RuO,, V;0s,
and MoOs could be utilized in electrodes which have higher energy storage capacity
than the EDLC base electrodes.

The main hindrance to compete the energy storage market is to properly address and
control the internal discharge resistance of any type of supercapacitor, thus, major
work needs to be carried out in order to address this device electronics issue.
Another challenge for maximum utilization of flexible supercapacitor is of its
electrode material i.e. by molding, folding and stretching the electrode material may
become open circuited at harsh conditions. Polyurethane substrate may compensate
this issue but this material only supports the mechanical stability of the outer-cover
of the stretchable supercapacitor. This material has self-healable properties and

provides the protection of overall structure. For future perspectives, this requires to
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be studied in detail with the possibility to exploit the technology on mass
manufacturing level.

Materials with a high surface area such as foam-structured materials or nanocarbon-
based materials could be utilized to reduce the weight and size of the supercapacitor
which would eventually increase the amount of energy stored on the electrode’s
surface.

In order to overcome the disadvantages of supercapacitors, such as lower operating
voltage compared to metal (Li)-ion batteries (and other such alternatives) and lower
energy density requires considerable effort to improve their electrochemical
performance, including operating voltage window, enhancing their capacitance and
energy density.

Another area that needs to be addressed is to reduce the e-waste produced by
supercapacitors, thus, auto degradable materials needs to be developed which may
degrade themselves whenever needed. The electronics of such base materials will also
be another interesting problem to solve.

A new concept of an integrated selfpowered system by combining an energy
harvesting device with an energy storage device can be established to harvest
renewable energy and simultaneously store it for sustainable operation of electronic
devices.

With the continued increase in renewable distributed generation, PV energy supply
can be more of a stumbling block than generating it. Utilities desire a firm, consistent
supply of energy, from all of its sources, in order to meet the demand instantaneously.
If supply is not consistent, whether from overcast days or shifting cloud cover, then
it can be taken offline as it cannot reliably support grid needs. This can drastically

reduce the utilization of the renewable source and effect the revenue return on the
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physical assets. To assist with this firming of renewable generation, energy storage is
often integrated to balance supply and demand. Supercapacitor can be used as the
sole energy storage solution or used in combination with batteries to increase the life
of an energy storage system and eliminate the need for replacement parts and
batteries. Having the right power system helps improve return on investment in
alternative energy applications.

Both flexible energy harvesting and storage devices have been widely reported
separately to satisfy part of the needs in the emerging areas, including wearable
electronics, and low-density applications such as rooftop solar collectors. However,
a flexible energy system with mechanical robustness and light-weight is the integrated
device that will serve the real demand.

Fabric supercapacitor is a flexible electrochemical device for energy storage
application. It is designed to power up flexible electronic systems used for the
Information sensing, Data computation and Communication. The development of a
flexible supercapacitor is important for e-textiles since supercapacitor can achieve
higher energy density than a standard parallel plate capacitor and a larger power
density compared with a battery. A lot of research needs to be done on design,
fabrication and characterization on prototype fabric supercapacitors with cost
efficient electrode material, fast and reliable fabrication method and improve device
structure. Various prototype flexible supercapacitors with fabric electrode can be
achieved with the multilayer layer supercapacitor with dip coated fabric electrode and
aqueous electrolyte. supercapacitors can achieve an excellent cycling stability over
15000 cycles.

Increasing power and energy demands for next-generation portable and flexible

electronics such as roll-up displays, photovoltaic cells, and wearable devices have
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stimulated intensive efforts to explore flexible, lightweight, and environmentally
friendly energy storage devices. Flexible solid-state supercapacitors (SCs) have
attracted increasing interest because they can provide substantially higher
specific/volumetric energy density compared to conventional capacitors.
Additionally, flexible solid-state SCs are typically small, highly reliable, lightweight,
easy to handle, and have a wide range of operation temperatures. In this regard, solid-
state SCs hold great promise as new energy storage devices for flexible and wearable
electronics

Nanocarbon materials such as single-wall carbon nanotubes (SWCNTs) and reduced
graphene oxide (rGO) and their composites are used for stretchable and flexible
energy storage applications. To fabricate the stretchable and flexible supercapacitor,
one can introduce an appropriate polymer with high stretchability and flexibility so
that latex (natural rubber), biomedical grade polyurethane (PU) and polycaprolactone
(PCL) can conducted for fabricating of stretchable and flexible supercapacitor by
their high stretchability and flexibility. All these materials can be suitable for

fabrication of stretchable and flexible substrate.
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