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ABSTRACT

Energy storage systems are essential for the practical implementation of renewable
energy systems because the majority of renewable energy sources are intermittent in
nature. Supercapacitors (SCs) are one of the most promising energy storage devices
owing to their performance characteristics, viz. high power density, rapid charge—
discharge, and ultra-long cycle life. However, their usage is significantly limited by
the drawbacks of low energy density. The main aim of this work is to develop
advanced electrode materials for supercapacitors with improved energy density while
maintaining high power density and long cycle life. This thesis reports investigations
on the synthesis of four electrode materials for supercapacitors, including
nanocomposites (Fe3O4/rGO and MWCNT/MnO,/rGO), and carbon materials (rGO
and PC—x). The two nanocomposites were synthesized by facile ultrasound-assisted
synthesis methods. The reduced graphene oxide (rGO) was synthesized via chemical
reduction of highly oxidized graphene oxide. Lastly, oxygen-enriched porous carbon
(PC—x) was prepared by co—pyrolysis and KOH activation process from a ternary
blend of biomass. These materials have been extensively characterized using standard
techniques and the electrochemical performances were investigated using cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectrometry (EIS) techniques. The fabricated supercapacitors have been
demonstrated to possess excellent electrochemical properties as follows: (1) The
Fe304/rGO based all-solid-state supercapacitor with PVA/KOH polymer—gel
electrolyte exhibited an energy density of 8.46 W h kg at a power density of 338 W
kgt Ternary MWCNT/MnO,/rGO nanocomposite based supercapacitor with
commercial-level mass loading (~12 mg cm?) demonstrated high specific
capacitance (314.6 F g * at 5 mV s™%), energy density (21.2 W h kg at 150 W kg %)
and excellent cycle stability at a wide cell voltage of 1.5 V in 1 M Na,SO, electrolyte.
(2) The rGO based aqueous supercapacitors (rGO-SCs) with commercial-level
electrode mass loadings achieved energy densities of 15.39 W h kg™ (at 180 W kg,
1.8V),21.42 W hkg™ (at 180 W kg *, 1.8 V), and 22.87 W h kg (at 210 W kg %, 2.1
V) in 1 M Li,SO,, redox—additive electrolyte (0.1 M Na;MoO, + 1 M Li,S0O,), and
water—in-salt (11 M NaNOs3) electrolyte, respectively. (3) Oxygen—enriched porous

carbon (PC—x) based aqueous supercapacitors with commercial-level mass loadings
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exhibited an energy density of 22.75 W h kg™ (at 200 W kg%, 2 V) and 96.8%
capacitance retention over 10000 cycles in 1 M Li,SO,4. The energy density of the
device was enhanced to 37.24 W h kg™ (at 200 W kg™, 2 V) in a redox—additive
electrolyte (0.1 M Na;MoO,4 + 1 M Li,SO,4). On a whole, the results of this thesis
have demonstrated the efficacy of the fabricated supercapacitors with concurrent high
energy and power densities. Therefore, these materials have tremendous potential for

the development of high-performance supercapacitors for commercial applications.

TH-2919_166151010



Contents

List of Tables

List of Figures

Abbreviations

Chapter 1
11
1.2

1.3

1.4

1.5

TH-2919_166151010

Introduction and Literature Review
Introduction
Supercapacitor Fundamentals
1.2.1 Classification of Supercapacitors
1.2.2 Charge Storage Mechanism of EDLCs
1.2.2.1 Helmholtz model
1.2.2.2 Gouy-Chapman or diffuse model
1.2.2.3 Stern model
1.2.3 Charge Storage Mechanism of Pseudocapacitors
Components of Supercapacitors
1.3.1 Electrode
1.3.2 Electrolyte
1.3.3 Separator
1.3.4  Current collector
Electrochemical Evaluation of Supercapacitors
1.4.1 Calculation of Capacitive Parameters
Electrode Materials for Supercapacitors
1.5.1 Carbon Materials
1.5.1.1 Activated carbon (AC)
1.5.1.2 Graphene
1.5.1.3 Carbon nanotubes (CNTSs)
1.5.2 Metal Oxides
1.5.2.1 Ruthenium dioxide (RuO,)
1.5.2.2 Manganese dioxide (MnQO,)
1.5.2.3 Iron oxide (Fe30,)
1.5.3 Conducting Polymers (CPs)

CONTENTS

vii

XiX

© ~N ~N N 0 b~ B~ R

W W NN NNR R R R B P B P P P
W O N o aN © O 0o o0 M W W WL o o



CONTENTS

1.6
1.7

Chapter 2

2.1
2.2

2.3

2.4

Chapter 3

3.1
3.2

TH-2919_166151010

1.5.4 Composite Materials

Aim, Approach and Scope of the Present Thesis
Thesis Outline

References

Improvement of Supercapacitor Performance through
Enhanced Interfacial Interactions Induced by Sonication
Introduction

Experimental Section

2.2.1 Materials

2.2.2 Synthesis of Reduced Graphene Oxide (rGO)
2.2.3 Synthesis of Fe3O4 Nanoparticles

2.2.4  Synthesis of Fe304,/rGO Nanocomposite

2.2.5 Characterization Techniques

2.2.6 Fabrication of Symmetric All-Solid-State
Supercapacitor

2.2.7 Electrochemical Measurements

Results and Discussion

2.3.1 Physicochemical Characterization

2.3.2 Electrochemical Performance

Conclusions

References

Ultrasound-Assisted One-Pot Synthesis of Ternary
MWCNT/MnO,/rGO Nanocomposite for Supercapacitors
with Commercial-Level Mass Loadings
Introduction

Experimental Section

3.2.1 Materials

3.2.2 Synthesis of Ternary MWCNT/MnO,/rGO
Nanocomposite

3.2.3 Synthesis of MnO,/MWCNT and MnO,/rGO
Nanocomposites

3.2.4 Characterization Techniques

3.2.5 Electrochemical Measurements

35
39
40
42

59
61
61
61
62
62
63
63

64
65
65
74
82
83

89
92
92
92

93

93
93



CONTENTS

3.3

3.4

Chapter 4

4.1
4.2

4.3

TH-2919_166151010

Results and Discussion
3.3.1 Materials Characterization
3.3.2 Electrochemical Performance
3.3.3 Physical Explanation for the Influence of Ultrasound
Conclusions
References
Improved Energy Density of Reduced Graphene Oxide
based Aqueous Symmetric Supercapacitors in Redox—
Active and Water—in—Salt Electrolytes
Introduction
Experimental Section
4.2.1 Materials
4.2.2 Electrochemical Measurements
Results and Discussion
4.3.1 Physicochemical Characterization of rGO
4.3.2 Electrochemical Performance in Acidic, Alkaline, and
Neutral Aqueous Electrolytes
4.3.2.1 Three—electrode cell characterization of rGO
electrodes
4.1.1.1 Electrochemical performance of rGO-based
symmetric supercapacitors
4.3.3 Electrochemical Performance in Redox—Active
Electrolyte
4.3.3.1 Three—electrode cell characterization of rGO
electrodes
4.3.3.2 Electrochemical performance of rGO-based
symmetric supercapacitors
4.3.4 Electrochemical performance in “water—in—salt” or
WIS electrolyte
4.3.4.1 Three—electrode cell characterization of rGO
electrodes
4.3.4.2 Electrochemical performance of rGO-based

symmetric supercapacitors

04
04
101
112
113
114

121

125

125

126

127

127

129

129

134

139

139

140

144

144

145



CONTENTS

4.4

Chapter 5

5.1
5.2

5.3

5.4

Chapter 6
6.1
6.2
Appendix 1
Appendix 2
Appendix 3
Appendix 4

Conclusions

References

Biomass Blend derived Porous Carbon for Aqueous
Supercapacitors with Commercial-Level Mass Loadings
and Enhanced Energy Density in Redox-Active
Electrolyte

Introduction

Experimental Section

5.2.1 Material Synthesis

5.2.2 Characterization Techniques

5.2.3 Electrochemical Measurements

Results and Discussion

5.3.1 Physicochemical Characterization

5.3.2 Electrochemical Performance in 6 M KOH Electrolyte
5.3.3 Electrochemical Performance in 1 M Li,SO4
Electrolyte

5.3.4 Electrochemical Performance in Redox-
Mediated/Active electrolyte

Conclusions

References

Overall Conclusions and Scope for Future Work
Summary of the Major Outcomes

Scope for Future Research

Research Output

TH-2919_166151010

148
149

155
157
157
159
159
160
160
168
176

180

184
185

191
194
197
207
221
233
241



Chapter 1
Table 1.1

Table 1.2

Table 1.3

Chapter 5
Table 5.1

Table 5.2

Appendix 1

Table A1.1

Table A1.2

Table A1.3

Table Al.4

Table A1.5

Appendix 2

Table A2.1
Table A2.2

Table A2.3

Appendix 3

Table A3.1

Appendix 4

Table A4.1

TH-2919_166151010

LIST OF TABLES

Table Caption

Summary of the capacitive performances of carbon-based
electrode materials

Summary of capacitive performances of metal oxides and
conducting polymer-based electrode materials

Summary of capacitive performances of composite electrode
materials

Elemental compositions (from XPS and CHNS analysis)
and ash contents of PC-x samples
Porosity parameters of PC-x samples

Elemental compositions of GO and rGO from CHN
analysis

Porosity parameters of the samples

Magnetic parameters of the of Fe304 NPs and Fe304/rGO
nanocomposite measured using vibrating sample
magnetometer

Comparative evaluation of capacitance of symmetric solid-
state supercapacitor devices

Comparison of electrochemical performance Fe304/rGO
electrodes with recently reported iron oxide carbon-based
electrodes

BET surface area results of samples

Capacitive performance of binary graphene/carbon
nanotube based manganese oxide nanocomposites for SCs
Capacitive performance of ternary graphene-carbon
nanotube based manganese oxide nanocomposites for SCs

Comparison of capacitive performance of graphene-based
electrodes reported in our work with previous literature

Composition analysis of the raw biomass samples

Page

36

37

38

165

166

197

197

197

198

199

207

208

209

231

233



LIST OF TABLES

Table A4.2

Table A4.3

TH-2919_166151010

Comparison of capacitive performance of PC—x with
different carbon derived from individual biomass
Comparison of electrochemical performance biomass blend
derived carbon with recently reported carbon materials at
high electrode mass loadings

Vi

233

234



Chapter 1

Figure 1.1

Figure 1.2

Figure 1.3
Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7
Figure 1.8
Figure 1.9
Chapter 2

Figure 2.1

Figure 2.2

TH-2919_166151010

LIST OF FIGURES

Figure Caption

(a) Ragone plots of energy storage devices compared to an
internal combustion engine and turbines; (b) schematic
representation of a supercapacitor.

Schematic illustrations of charging and discharging process
of supercapacitors

Classification of supercapacitors

Electrical double layer models: (a) Helmholtz model, (b)
Gouy—Chapman model, and (c) Stern model

Different types of reversible redox mechanisms that give
rise to pseudocapacitance: (a) underpotential deposition, (b)
redox pseudocapacitance, and (c) intercalation
pseudocapacitance

Construction graphs of (a) the three-electrode testing
system (EW: electrochemical workstation, WE: working
electrode, CE: counter electrode, RE: reference electrode),
and (b) the two—electrode testing system. (Adopted from
[11])

Chemical structures of graphene, graphene oxide and
reduced graphene oxide (rGO)

Structures of single-walled carbon nanotubes (SWCNTS)
and multi-walled carbon nanotubes (MWCNTS).

Crystal structures of a-, B-, y-, 8-, and A-MnO,

Schematic of Fe304/rGO nanocomposite synthesis and
fabrication of all-solid-state supercapacitor

(a) XRD patterns of pristine Fe304 NPs and Fe3O4/rGO
nanocomposite (b) Raman spectra of rGO and Fe;0,/rGO

nanocomposite (inset: vibration modes of Fe;O4 present in

Page

14

20

23

28

64

66



LIST OF FIGURES

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Chapter 3

Figure 3.1

Figure 3.2

Figure 3.3

TH-2919_166151010

Fe304/rGO) (c) Nitrogen adsorption-desorption isotherms
and (d) pore size distributions of pristine Fe3O4 NPs and
Fe304/rGO nanocomposite

TEM image of (a) Fe304 NPs (b) rGO sheets (c) Fe304/rGO
nanocomposite (d) FESEM image of Fe3O4/rGO
nanocomposite

(a) SAED pattern (d) HRTEM and (e) elemental mapping
of Fe30,4/rGO nanocomposite (carbon in red, iron in green,
and oxygen in blue)

(@) TG plots of rGO and Fe3O4/rGO nanocomposite (air
atmosphere) (b) magnetization dependence of Fe;O4 and
Fe304/rGO nanocomposite

CV curves of (a) Fe304/rGO, (b) FesO4 ASSCs at different
scan rates, (c) CV curves of ASSCs at 10 mV s, and (d)
specific capacitance as a function of scan rate.

(a) Galvanostatic charge-discharge curves of (a)
Fe304/rGO, (b) FesO4 ASSCs at different current densities,
(c) specific capacitance vs. current density, and (d) cyclic
performance of ASSCs

(a) Ragone plot and (b) Nyquist plot of Fe3O4 and
Fe30,4/rGO ASSCs

(a) Cs as a function of A2, (b) 1/C; as a function of 1'%, and
(c) capacitance contribution from insertion and surface
charges for ASSCs

Schematic illustration of “one-pot™ ultrasound-assisted
synthesis of the MWCNT/MnO,/rGO nanocomposite

(a) XRD patterns of (i) MnOg, (ii) rGO, (iii), MWCNT, (iv)
MnGC, (v) MnC, (vi) MnG; (b) Raman spectra, (c) nitrogen
adsorption-desorption isotherms, and (d) pore size
distribution of MnC, MnG, and MnGC nanocomposites
FE-SEM images of (a-b) MnC, (c-d) MnG, and (e-f) MnGC

nanocomposites in low and high resolution

viii

70

71

71

73

76

78

80

94

96

99



LIST OF FIGURES

Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Chapter 4
Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

TH-2919_166151010

TEM images of (a) MnC, (b) MnG, and (c) MnGC
composites; elemental mapping of (d) MnC, (e) MnG, and
(F) MnGC nanocomposites (carbon in maroon, manganese
in green, and oxygen in blue).

Schematic of two-electrode symmetric SC cell and the split-
type cell assembly

(a) Comparison of CV curves of SCsat 10 mV s '; CV
curves of (b) MnC, (c) MnG, and (d) MnGC SCs at various
scan rates; (e) specific capacitance of the SC electrodes as a
function of scan rate; (f) capacitance contribution of MnO,
atsmVs'

(a) Comparison of GCD curves of SCsat1 Ag'; GCD
curves of (b) MnC, (c) MnG, and (d) MnGC SCs at
different current densities; (e) specific capacitance of the
SC electrodes as a function of current density; (f) long-term
cyclic stability of SC cells

(a) Nyquist plots (lines — EIS data recorded after 5000
cycles) and (b) Ragone plot of MnC, MnG, and MnGC
SCs; (c) schematic diagram and photo of the red LED
powered by two MnGC SCs connected in series

(@) Hlustration of charge storage mechanisms of SCs with
aqueous and redox—active electrolytes; (b) schematic
representation of interactions between water molecules and
cations in conventional aqueous (salt—in—water) and
“water—in—salt” electrolytes.

Schematic illustration of reduced graphene oxide (rGO)
synthesis
(a) FE-SEM, (b) TEM, and (c) elemental mapping (carbon

in green, and oxygen in blue) images of rGO.

Electrochemical performance of rGO electrodes using a

three—electrode system in different aqueous electrolytes viz.

100

102

103

107

109

124

125

127

128



LIST OF FIGURES

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

TH-2919_166151010

1 M H,S0O4, 6 M KOH, and 1 M Li,SOq: (a) CV in different
electrolytes at a scan rate of 20 mV s *; (b) specific
capacitance as a function of scan rate; (c) specific as a
function of current density; (d) cycle stability in the
different electrolytes.

Electrochemical performance of rGO-SCs in different
aqueous electrolytes viz. 1 M H,SO4, 6 M KOH, and 1 M
Li,SO4: (a) Schematic representation of two—electrode
symmetric SC cell; (b) comparison of CV curves of rGO-
SCs in different electrolytes; CV curves of rGO-SC in (c) 1
M H,SO4, (d) 6 M KOH, (e) 1 M Li,SOyq; (f) specific
capacitance of rGO electrodes as a function of scan rate.
Electrochemical performance of rGO-SCs in different
aqueous electrolytes, viz. 1 M H,SO,4, 6 M KOH, and 1 M
Li,SO4: (a) Comparison of GCD curves of rGO-SCs in
different electrolytes; GCD curves of rGO-SC in (b) 1 M
H,SO,, (¢) 6 M KOH, (d) 1 M Li,SOyq; (e) specific
capacitance as a function of current density; (f) cycle
stability analysis of the rGO-SCs.

(a) Nyquist plots of rGO-SCs before (denoted by points)
and after cycle stability (denoted by lines) tests (inset: high—
frequency region); (b) Ragone plot for the rGO-SCs in
different aqueous electrolytes and comparison with
previously published data.

Electrochemical performance of rGO-SC in redox-active
electrolyte (0.1 M Na;MoO4 + 1 M Li,SO,): (a)
comparison of the CV curves in redox electrolyte and
Li,SO4; (b) CV curves of rGO-SC at different scan rates;
(c) specific capacitance as a function of scan rate; (d)
comparison of the GCD curves in redox electrolyte and 1 M
Li,SO4, (e) GCD curves of rGO at different current
densities; (f) specific capacitance as a function of current

density.

133

136

138

141



LIST OF FIGURES

Figure 4.9

Figure 4.10

Chapter 5
Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

TH-2919_166151010

(@) cycle stability analysis of rGO-SC in redox electrolyte; 144
(b) Ragone plot for the rGO-SC in redox electrolyte and 1

M Li,SO, (inset: photograph of a red LED powered by the

redox enhanced rGO-SC).

Electrochemical performance of rGO-SC in “water—in— 146
salt” or WIS electrolyte (11 M NaNOs3): (a) CV curves of

rGO-SC at different scan rates; (b) specific capacitance as a

function of scan rate; (c¢) GCD curves of rGO-SC at

different current densities; (d) specific capacitance as a

function of current density; (e) cycle stability analysis of the
rGO-SC in WIS electrolyte; (f) Ragone plot the rGO-SC in

WIS electrolyte (inset: photograph of a red LED powered

by the 2.1 V device).

Synthesis protocol of oxygen-rich porous carbon (PC-x) 158
from blends of sugarcane bagasse, water hyacinth, and

yellow oleander.

FE-SEM images of (a) PC-3, (b) PC-4, and (c) PC-5. TEM 161
images of (d) PC-3, (e) PC-4, and (f) PC-5 (formation of

particulate agglomerates is visible with increasing

KOH/biochar ratio)

(@) XRD patterns, (b) Raman spectra, and (c) XPS survey 163
spectra of PC-x samples; high-resolution (d) C1s, (e) O1s,

and (f) N1s spectrum of PC-4.

(a) N, adsorption-desorption isotherms, and (b) pore size 166
distribution (PSD) curves of the PC-x samples.

Electrochemical performance of PC-x-SCs in 6 M KOH 169
electrolyte: (a) schematic of symmetric supercapacitors, (b)

CV curves of PC-x-SCs at 20 mV s™; CV curves of (c) PC-

3-SC, (d) PC-4-SC, and (e) PC-5-SC at different scan rates;

(F) specific capacitances of PC-x electrodes at different scan

rates

Electrochemical performance of PC-x-SCs in 6 M KOH 171

Xi



LIST OF FIGURES

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Appendix 1
Figure Al1.1

TH-2919_166151010

electrolyte: (a) GCD curves of PC-x-SCs at 1 A g™; GCD
curves of (b) PC-3-SC, (c) PC-4-SC, and (d) PC-5-SC at
different current densities; (e) specific capacitances of PC-x
electrodes at different current densities, (f) cycle stability of
PC-x-SCs

Electrochemical performance of PC-4-SC in 1 M Li,SOyq:
(a) CV curves of the SC at different potential windows; (b)
CV of the SC curves at different scan rates; (c) specific
capacitances of PC-4 electrodes at different scan rates; (d)
GCD curves of the SC at different current densities; (e)
specific capacitances of PC-4 electrodes at different current
densities; (f) long-term cycle stability of the SC.

(a) Ragone plot of PC-4-SC in 1 M Li,SO,4 and comparison
with carbon-based SCs in literature; (b) schematic and a
digital photograph of a LED powered by PC-4-SC in 1 M
Li,SOy; (c) percentage of the capacitance contribution
evaluated for PC-4 in Li,SO, electrolyte based on Trasatti's
method.

Electrochemical performance of PC-4-SC in the redox-
mediated electrolyte (0.1 Na,MoO4 + 1 M Li,SO,): (a)
comparison of CV curves of the SC in redox and Li,SO4
electrolyte; (b) CV curves at different scan rates; (c)
specific capacitances of PC-4 electrodes at different scan
rates (comparison with Li,SOy,); (d) comparison of GCD
curves of the SC in redox and Li,SO, electrolyte; (e) GCD
curves of the SC at different current densities; (f) specific
capacitances of PC-4 electrodes at different current
densities (comparison with Li,SOy).

(a) Long-term cycle stability and (b) Ragone plot
(comparison with Li,SO,4) of the PC-4-SC in the redox-
mediated electrolyte (0.1 Na,MoO4 + 1 M Li,SO,)

XRD plot of graphite, GO and rGO

xii

177

179

181

183

200



LIST OF FIGURES

Figure Al1.2
Figure A1.3

Figure Al.4
Figure A1.5

Figure A1.6

Figure A1.7
Figure A1.8

Figure A1.9

Figure A1.10

Appendix 2
Figure A2.1

Figure A2.2

Figure A2.3

Figure A2.4

Figure A2.5

TH-2919_166151010

Raman spectra of graphite, GO and rGO

(a) N adsorption-desorption isotherms of rGO (inset: BJH
pore size distribution).

EDS spectrum of Fe;04/rGO nanocomposite
Electrochemical performance of rGO ASSC: (a) Cyclic
curves at different scan rates, (b) specific capacitance as a
function of scan rate, (c) GCD curves at different current
densities, , (d) specific capacitance as a function of current
density.

(a) Cyclic performance (at 5 Ag™) and (b) Nyquist plot of
rGO ASSC

Equivalent circuit of ASSCs

(a) FE-SEM and (b) TEM images Fe304/rGO
nanocomposite synthesized without ultrasound

N adsorption-desorption isotherms (inset: BJH pore size
distribution) of Fe3O4/rGO nanocomposites synthesized
without ultrasound.

Comparison of (a) CV curves at 10 mV s and (b) GCD
curves at 1 A g™ of ASSCs fabricated with Fe;04/rGO
synthesized using ultrasound-assisted method and without

ultrasound.

Schematic illustration of the experimental setup for the
synthesis of nanocomposites

Raman spectra of pristine MWCNT and rGO

Nitrogen adsorption-desorption isotherms of (a) MnO,, (b)
MWCNT; and pore size distribution of (c) MnO,, (d)
MWCNT

FE-SEM images of (a) CNT (c) rGO (e) MnO, and TEM
images of (b) MWCNT (d) rGO, and (f) MnO,

EDX spectra of (a) MnC, (b) MnG, and (c) MnGC (the
samples were dropped cast on aluminum foils and therefore

a peak of Al was observed)

Xiii

200
201

201
202

202

203
203

203

204

210

210

211

212

213



LIST OF FIGURES

Figure A2.6

Figure A2.7

Figure A2.8

Figure A2.9

Appendix 3
Figure A3.1

Figure A3.2

Figure A3.3

Figure A3.4

Figure A3.5

TH-2919_166151010

CV curves of the SCs at different potential windows from 1
to 1.5 V at a scan rate of 50 mV s ' (a) MnC, (b) MnG, and
(c) MnGC

(@) CV and (b) GCD curves of MWCNT SC at different
scan rates and current densities; (¢) CV and (d) GCD curves
of rGO SC at different scan rates and current densities

(a) Capacitance retention of MWCNTSs and rGO SCs, (b)
Nyquist plots of MWCNTSs and rGO SC (lines — data after
5000 charge-discharge cycles)

Electrochemical performance of MnO, SC: (a) CV and (b)
GCD curves of MnO; SC at different scan rates and current
densities; specific capacitance of the MnO, electrodes as a
function of (c) scan rate and (d) current density; (e) Nyquist
plots of MnO,

(@) XRD patterns, (b) Raman spectra of graphene oxide
(GO) and reduced graphene oxide (rGO); (c) N, adsorption-
desorption isotherms, and (d) BJH pore-size distributions of
rGO.

Three-electrode CV curves of rGO electrode recorded at
different potential windows in 1 M Li,SQ;, electrolyte

Electrochemical performance of rGO electrodes using
three-electrode system in 1 M H,SO, electrolyte: (a) CV
curves at different scan rates from 5 to 100 mV s, (b) GCD
curves at different current densities from 0.5to 5 A g™
Electrochemical performance of rGO electrodes using
three-electrode system in 6 M KOH electrolyte: (a) CV
curves at different scan rates from 5 to 100 mV s, (b) GCD
curves at different current densities from 0.5t0 5 A g™
Electrochemical performance of rGO electrodes using
three-electrode system in 1 M Li,SO4 electrolyte: (a) CV
curves at different scan rates from 5 to 100 mV s, (b) GCD

curves at different current densities from 0.5to 5 A g™.

Xiv

214

214

215

216

221

222

222

223

223



LIST OF FIGURES

Figure A3.6

Figure A3.7

Figure A3.8

Figure A3.9

Figure A3.10

Figure A3.11

Figure A3.12

Figure A3.13

TH-2919_166151010

Wettability of different electrolytes on rGO electrode
surface (contact angle is denoted as 9)

Nyquist plot of the rGO electrodes in three aqueous
electrolytes viz. 1 M H,SO4, 6 M KOH, and 1 M Li,SO,
(inset: equivalent circuit)

(@) CV curves of rGO in separate potential windows as
positive (0 to 0.8 V) and negative (—1.0 V to 0 V) electrodes
at a scan rate of 20 mV s™ in 1 M Li,SO, electrolyte; (b)
CV curves of rGO-SC at different potential windows in 1 M
Li,SO, electrolyte.

FE-SEM images of rGO electrodes (a) before cycle
stability; and after cycle stability tests in (b) H,SOq, (c)
KOH, (d) Li»SO,, (e) redox-active electrolyte, and (f)
water-in-salt electrolytes.

Electrochemical performance of rGO electrodes using
three-electrode system in redox-active electrolyte (1 M
Li,SO4 + 0.1 M Na;MoOy,): (a) comparison of CV curves in
redox—active electrolyte and 1 M Li,SO, at 20 mV s%; (b)
comparison of GCD curves in redox electrolyte and 1 M
Li,SO4 at 1 A g% (c) CV curves at different scan rates from
5t0 100 mV s, (d) GCD curves at different current
densities from 0.5 to 5 A g™ (e) specific capacitance at
various scan rates, (f) specific capacitance at various current
densities.

(@) CV curves of rGO in separate potential windows as
positive (0 to 0.8 V) and negative (—1.0 V to 0 V) electrodes
at a scan rate of 20 mV s in redox-active electrolyte; (b)
CV curves of rGO-SC at different potential windows in
redox-active electrolyte.

Nyquist plots of rGO-SC in redox-active electrolyte (inset:
high frequency region and equivalent circuit)
Three-electrode CV curves of rGO electrode recorded at

different potential windows in water-in-salt electrolyte (11

XV

224

224

225

226

227

228

228

229



LIST OF FIGURES

Figure A3.14

Figure A3.15

Figure A3.16

Appendix 4
Figure A4.1

Figure A4.2

Figure A4.3

Figure Ad4.4

Figure A4.5

Figure A4.6

TH-2919_166151010

M NaNOs;).

Electrochemical performance of rGO electrodes using
three-electrode system in water-in-salt electrolyte (11 M
NaNOs): (a) CV curves at different scan rates from 5 to 100
mV s?, (b) GCD curves at different current densities from
0.5t0 5 A g™ (c) specific capacitance at various scan rates,
(d) specific capacitance at various current densities.

(@) CV curves of rGO in separate potential windows as
positive (0 to 1 V) and negative (-1.1 V to 0 V) electrodes
at a scan rate of 20 mV s in water-in-salt electrolyte; (b)
CV curves of rGO-SC at different potential windows from 1
— 2.2 V in water-in-salt electrolyte.

Nyquist plots of rGO-SC in “water—in—salt” electrolyte

(inset: high-frequency region)

High resolution TEM images of (a) PC-3, (b) PC-4, and (c)
PC-5

High-resolution (a) C1s, (c) O1s, and (e) N1s spectrum of
PC-3; high-resolution (b) C1s, (d) O1s, and (f) N1s
spectrum of PC-5

Electrochemical performance PC—x—-SCs in 6 M KOH
electrolyte: (a) Nyquist plots of PC—x—SCs (lines indicate
EIS data after cycle stability tests and inset: equivalent
circuit); (b) Ragone plot for PC—x—SCs (inset: a red LED
powered by two symmetric PC-x-SC cells)

GCD curves of PC-4-SC at high current densities from 10 —
20 Ag'in (a) 1 M Li,SO; and (b) redox—mediated
electrolyte (0.1 Na;MoO,4 + 1 M Li,SOy)

Nyquist plots of the PC-4-SC (lines indicate EIS spectra
recorded after cycle stability tests (inset shows the high
frequency region) in 1 M Li,SO, and redox-mediated
electrolyte (0.1 Na;MoO,4 + 1 M Li,SOy).

(a) plot of reciprocal of gravimetric capacitance (1/C) vs.

XVi

229

230

230

234

235

236

236

237

237



LIST OF FIGURES

Figure A4.7

TH-2919_166151010

square root of scan rate (\?); (b) plot of gravimetric

capacitance (C) vs. reciprocal of square root of scan rate

(A""2). The solid lines are linear fitting lines of data points.

The algebraic equations of the fitting lines are shown in the

inset.

CV curves of the PC-4-SC at different potential windows 238
redox-mediated electrolyte (0.1 Na,MoO,4 + 1 M Li,SO,)

XVil



TH-2919_166151010 Xviii



AC
BET
CNF
CNT
CP

CcVv
DMSO
EDX
EIS
FESEM
FTIR
GCD
GNS
GO

GS
MWCNT
PANI
PDMS
PEDOT
PEG
PPy
PVA
rGO
SWCNT
SAED
TEM
VSM
XRD

TH-2919_166151010

ABBREVIATIONS

Activated carbon

Brunauer Emmett Teller

Carbon nanofibers

Carbon nanotube

Conducting polymers

Cyclic voltammetry

Dimethyl sulfoxide

Energy-dispersive X-ray analysis
Electrochemical impedance spectroscopy
Field Emission Scanning electron microscopy
Fourier transform infrared spectroscopy
Galvanostatic charge-discharge
Graphene nano sheets

Graphene oxide

Graphene sheets

Multi wall carbon nanotube

Polyaniline

Polydimethylsiloxane
poly-(3,4-ethylenedioxythiophene)
Poly ethylene glycol

Polypyrrole

poly(vinyl alcohol)

Reduced graphee oxide

Single wall carbon nanotube

Selected area electron diffraction
Transmission electron microscopy
Vibrating sample magnetometer

X-ray diffraction

XiX



TH-2919_166151010



CHAPTER 1

Introduction and Literature Review

Covemms lims avallable at ® oy [ —————
Journal of Energy Storage u Bioresource Technology Reports
Jourmat hoegege, s v <o Foornel bawion ot wvewonr b o vier ST TR ASMOOIDT 19980

Reveacch Papecs ®
Improved energy density of reduced graphene oxide based aqueous = i based bi v: of wild fresh water microalgal | %
symmeltric supercapacitors in redox-active and “water-in-salt” electrolytes isolate for si biodiesel and B- production =
Biaskac J. Choudbry”, Kajl Ingtipi”, Vijayanand S. Mobolk Neha Singh’, Amit H. Batghare", Bhaskar J. Choadhury”, Arun Goyal ™,

Vijayanand S. Moholkar
ko By S s B s e o iy O e A 209 Il
B Pt et o o of A S, e s 751 09 b S —y——

e of e e e f T e, et W 4

Padaiisamich ey o o 916 b il

Come s avidible ot
Ultrasonics Son istry Biomass and Bioenergy
Iourmel homepage. - Furnl homeosge
lrasound-assisted facile one-pot synthesis of ternary | WWCNT/Mn0,/1GO 5= Co-pyrolysis of biomass blends: Characterization, kinetic and
ite for high p 3 i thermodynamic analysis
commercial-level mass loadings Hacrison Hitu Muigai , Bhaskar J. Choudhury *, Pankaj Kalita  , Vijayanand 5. Mohiolkae
Bhaskar J. Choudhary , Vijayanand S. Mobiolkac A Syt e Nl Qe e O
Ceamrts s avaible 30
Fuel

gesearcn ESE S e b
Frrr—y | x|

ull Length Asticle ®
Improvement of Supercapacito! 1ance through Enhanced Physico-chemical characterization and pyrolysis kinetics of Eichhornia ==
Interfacial Interactions Induced Crassipes, Thevetia Peruviana, and Saccharum Officinarum

< Harrison Hitw Maigai |, Bhaskar J. Choudhary |, Pankaj Kdita
A% Vijayanand S. Mot kac

[ o o e s € e
e e ¢ o e b et ! P G G 71 4 A o

TH-2919_166151010



TH-2919_166151010



CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 INTRODUCTION

Global electricity consumption has significantly increased in recent decades
due to economic growth and changing harsh weather conditions. As per the
International Energy Agency (IEA), electricity production has also grown to 26936
TW h in 2019.) The major portion of electricity (63.1%) is generated from the
combustion of fossil fuels. The extensive use of fossil fuels in electricity generation
and vehicles has caused severe detrimental environmental impacts such as global
warming and climate change. Moreover, fossil fuel reserves are getting exhausted
very rapidly due to the increase in consumption. The diminution of fossil fuels in
conjunction with their environmental impact has triggered the transition to renewable
energy sources (viz. wind, solar, hydro). Several countries have pledged to reach net-
zero CO, emissions by 2050 to limit the global temperature rise.? This goal can only
be reached with a cost-effective and clean energy economy dominated by renewable
sources like wind, solar and hydro in place of fossil fuels. The developments and
expansion of renewable energy technologies have led to the steady growth of
electricity generation from renewable energy sources over the years. In the year 2019,
about 7138.6 TW h of electricity was produced from renewable sources.® However,
intermittent electricity generation from renewable energy technologies necessitates
the development of efficient and dependable electrical energy storage systems.
Therefore, studies have been carried out to develop efficient and low-cost energy

storage technologies for storing the electricity generated from renewable sources.
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Figure 1.1 (a) Ragone plots of energy storage devices compared to an internal
combustion engine and turbines®; (b) schematic representation of a supercapacitor.

Electrochemical energy storage (EES) is an established approach for the
storage of electricity with minimal loss and high conversion efficiency. The EES
systems primarily constitute batteries, supercapacitors, and fuel cells. Among these
energy storage devices, electrochemical supercapacitors or supercapacitors (SCs)
have gained considerable attention for decades due to their unique performance
characteristics. The Ragone plot in Figure 1.1a shows the comparison of different
energy devices in terms of energy and power densities.* SCs possess several
advantages, such as high power delivery, rapid charge-discharge, ultra-long cycle life,
and wide operation voltages in comparison to batteries.>® Conversely, the energy
density of SCs (5 — 10 W h kg™) is much lower than that of the batteries (100 — 260 W
h kg™).>” Therefore, substantial research is underway to increase the energy density of
SCs without losing power density or cycling stability. Even though the first patent on
SCs was filed by Becker in 1957, the application of SCs became prevalent in the
1990s when people started to learn more about the use of SCs as a hybrid power

supply.® At present, supercapacitors are used in applications demanding high power

TH-2919_166151010 2



Introduction and Literature Review

uptake or delivery as well as pulsed energy, such as immediate power supply and
recovery of stop-and-go systems, industrial energy management systems, frequency
regulation in grids, and electric vehicles (typically used in conjunction with lithium-

ion batteries).>°
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Figure 1.2 Schematic illustrations of charging and discharging process of

supercapacitors

Figure 1.1b depicts the main components of a supercapacitor, viz. electrodes
(positive and negative), current collectors, an ion porous separator between the two
electrodes, and an electrolyte filled inside the package. In commercial supercapacitors
mostly activated carbon electrodes and organic electrolytes are used. Typically
aqueous, organic, and ionic liquid electrolytes are used in lab-developed
supercapacitors. The working of a supercapacitor is depicted in Figure 1.2. When the
supercapacitor is charged by an electrochemical workstation, the electrons move from
positive to negative electrode of the supercapacitor. At the same time, the cations and
anions present in the electrolyte diffuse towards the surface of the negative and
positive electrodes respectively due the driving electric field between the electrodes.

During discharging, electrons move from the negative electrode towards positive
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electrode by powering a load. Simultaneously the cations and anions move away from

the negative and positive electrode surfaces, respectively.

1.2 SUPERCAPACITOR FUNDAMENTALS

1.2.1 Classification of Supercapacitors

Appertaining to the mechanism of energy storage SCs can be categorized into
electric double-layer capacitors (EDLCs) and pseudocapacitors (PCs) (as shown in
Figure 1.3). The charge storage in EDLCs takes place via electric double layer
formation at the electrode/electrolyte interface due to adsorption and desorption of
ions (electrostatically). Carbon materials are mainly used in EDLCs, which could
provide porous networks with a large surface area for electrolyte ions.
Pseudocapacitors on the other hand stores energy via fast reversible surface redox
reactions. Typically, metal oxide (e.g. RuO;, MnO,, V,0s, Fe304 etc.) and
conducting  polymers (e.g. polypyrrole, poly(3,4-ethylenedioxythiophene),
polyaniline, etc.) are used as pseudocapacitor electrodes. The charge storage occurs
principally on the surface or near the surface of the electrode, and thus the
supercapacitors exhibit fast charge-discharge characteristics along with high power
density. Another kind of supercapacitors, where the charge is stored via both double
layer formation and reversible surface redox reactions, is called hybrid
supercapacitors (HC). HCs are divided into asymmetric, composite, and battery types
(Figure 1.3). The asymmetric SCs are constructed using two dissimilar types of
electrodes, usually one EDLC and the other pseudocapacitive electrode type. In
composite-type supercapacitors, the electrodes are made of composite materials.
Whereas in battery-type hybrid supercapacitors one electrode is a capacitive electrode

and the other is made of battery-type material.
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Supercapacitors
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Figure 1.3 Classification of supercapacitors

1.2.2 Charge Storage Mechanism of EDLCs

In EDLCs, the charge storage mechanism is electrostatic and originates from the
formation of a double-layer at the electrode/electrolyte interface via
adsorption/desorption of ions without any redox reactions. EDLCs capacitance
intensely depends on the surface of the electrode materials, which is available for

interaction with the electrolyte ions. The capacitance (C) can be expressed as:

C :g _ g, A
v o d (1.1)

where, Q is the stored charge at the electrodes due to the potential difference V, & is
the relative permittivity (dielectric constant), & is vacuum permittivity (8.854 x 102
F m™), A is the surface area of electrode dipped in the electrolyte, d is the effective
double-layer thickness at the electrolyte/electrode interface. The value of ‘d’ in
EDLCs is very small (a few angstroms) in comparison to dielectric capacitors.

Therefore, EDLCs exhibit high values of capacitance. The surface area of the active
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material, the double-layer thickness, and the type of electrolyte influence the
capacitance of EDLCs."

During the charging of EDLCs, anions and cations of the electrolyte are
accumulated at the respective negative and positive electrodes. This process of energy
storage is highly reversible and non-faradaic in nature, which takes place due to
double-layer formation at the interface of the electrode and the electrolyte. The
EDLCs can store and deliver energy at a very high rate, and exhibit ultra-long cycle
life with very limited capacitive fading. These features of the EDLCs can be ascribed
to the faster kinetics of physical adsorption-desorption of electrolyte ions at the

electrode/electrolyte ions.
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Figure 1.4 Electrical double layer models: (a) Helmholtz model, (b) Gouy—Chapman

model, and (c) Stern model

When a charged object is dipped in a liquid, an opposite charge forms on the
liquid near the surface and an electric double-layer is formed. The process of electric
double-layer formation could be described by various models, viz. Helmholtz model,

Gouy-Chapman model, and Stern model (Figure 1.4).
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1.2.2.1 Helmholtz model

The Helmholtz double-layer model is the simplest and states that the charge of the
electrode is balanced by the counterbalancing charge formed at distance ‘d’ from the
surface of the electrode.? The layer of charges on the electrode is rigidly held and the
other oppositely charged (equal in magnitude) layer is fixed on the electrolyte. This

model cannot properly explain the electrified interfaces.

1.2.2.2 Gouy-Chapman or diffuse model

This model suggested that although the layer of charges on the electrode is rigid, the
counterbalancing layer on the electrolyte is not rigid but diffused on the electrolyte.
The counterbalancing ions spread into the solution and the layer extends to some
distance in the electrolyte. The thermal agitation and the movement of ions present in
the solution results in non-uniform distribution of positive and negative charges in this
region.™? At higher concentrations of the electrolyte, Gouy-Chapman's theory fails to

predict the charge accumulation process and overpredicts the capacitance values.

1.2.2.3 Stern model

In this model, Stern combined the views of both Helmholtz model and Gouy-
Chapman model and suggested that the double-layer constitutes two regions, viz.
Stern layer and diffuse layer. The Stern layer (or compact layer) is formed by the
counter ions adsorbed near the electrode surface.”** The specifically adsorbed ions in
the Stern layer form the inner Helmholtz plane (IHP), and the weakly adsorbed ions
form the outer Helmholtz plane (OHP). The second region, i.e. the diffuse layer is
formed by the distribution of electrolyte ions due to the combined effect of both
thermal motion and electrostatic attraction. The diffuse layer extends from the Stern

layer to the neutral part of the bulk electrolyte. As per Stern theory, the total
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capacitance of the electric double layer (Cq) can be expressed by the capacitance of
compact region (Cy) and capacitance of diffuse layer (Cgifr) In Series, i.e.

1 1 1

—_—

Cdl CH Cdiff (12)

The major features that affect the double-layer capacitance are electrode
materials surface area; pore size and volume of electrode material, accessible surface
area for the electrolyte ions, electrolyte properties, etc. As highly porous materials are
used in EDLCs the pore structure, and pore size distribution make the double layer
behavior rather complex in the pore areas, especially for the nanoporous materials.
Additionally, other studies have adopted different approaches to understanding the

double layer behavior in such porous materials.**™*°
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Figure 1.5 Different types of reversible redox mechanisms that give rise to
pseudocapacitance: (a) underpotential deposition, (b) redox pseudocapacitance, and
(c) intercalation pseudocapacitance
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1.2.3 Charge Storage Mechanism of Pseudocapacitors

The charge storage in pseudocapacitors takes place via surface redox or near-
surface redox reactions. The plausible Faradaic mechanisms for pseudocapacitance
(shown in Figure 1.5) are underpotential deposition, redox pseudocapacitance, and
intercalation pseudocapacitance.®

When adsorption of metal ions results in the formation of a monolayer at the
surface of another metal above their redox potential it gives rise to underpotential
deposition. Conversely, redox pseudocapacitance arises when the ions get adsorbed
(electrostatically) on the surface or near the surface of the electrode complemented by
a faradaic charge transfer. Examples of the materials that exhibit redox
pseudocapacitance are transition metal oxides (e.g. MnO,, RuO,, etc.) and conducting
polymers (e.g. polyaniline, polypyrrole, etc.). Intercalation pseudo-capacitance arises
from the intercalation of ions in the tunnels (or layers) of active materials, which is
complemented by a Faradaic charge transfer without any crystallographic phase
change. Intercalation pseudocapacitance varies from the intercalation process in
batteries where crystallographic phase transformation takes place.

The aforementioned mechanisms of pseudocapacitance originate from
different physical processes. However, their electrochemical behavior is the same, and
is represented by the following relation between the electrode potential and extent of
charge:

E—E*+Lpp 2
nF 1-X (1.3)

where, E (V) is potential, T (K) is the temperature, R is the universal gas constant

(8.314 J mol™* K™, n is the number of electrons, F is Faraday's constant (96485 C
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mol ™), and X is the coverage fraction of the surface or inner structure. In a linear

region of E vs. X in Eq. (3), capacitance (C, F g ™) could be expressed as:

c :(E)ﬁ
m/E (1.4)

where, m is the molecular weight of active material. The term pseudocapacitance
comes from the fact that the E vs. X plot is not fully linear in a capacitor and the

capacitance is not always constant.

1.3 COMPONENTS OF SUPERCAPACITORS

The main components of a supercapacitor cell are the electrodes, electrolyte,

separator, and current collector.

1.3.1 Electrode

The electrodes are made from electro-active materials, carbon materials are used in
EDLCs while metal oxides and conducting polymers are used in pseudocapacitors.
The electrode materials are mixed with conductive agents (e.g. carbon black) and
binder materials (polytetrafluoroethylene, polyvinylidene fluoride, Nafion, etc.) to
prepare a homogenous slurry, which is coated on the current collectors to prepare
supercapacitor electrodes. The main work of the electrode is to store the charge when
an external potential is applied. Moreover, the electrode materials should be
environmentally safe and relatively inexpensive to reduce the total cost of SCs. The
following parameters of the electrode materials highly influence their electrochemical
performance.*’
e Electrical conductivity: The high conductivity of the electrodes results in low
resistance and the electrode exhibits faster electron kinetics demonstrating

improved high rate capability and power density.
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e Surface area: When the surface area of active materials is high, the electrolyte
ions get additional accessible area in the electrodes to interact; thereby increasing
the charge storage potential and capacitance of the electrodes.

e Controlled porosity: The pore size distribution of the electrode materials plays a
vital role. Typically, the pore size should be more than the size of the solvated
ions of the electrolytes.

e Thermal and chemical stability: The thermal and chemical stability of electrode
material should be high, as it affects the cyclic performance of the electrodes.

e Surface functionalities: The introduction of surface functionalities such as oxygen,
and nitrogen-containing groups in electro-active materials could increase the

capacitive properties of the electrodes by promoting pseudocapacitance.

1.3.2 Electrolyte

Electrolytes are a very crucial part of electrochemical devices as they balance the

charges between the electrodes. The capacitance, voltage, power density, energy

density, etc. are dependent on the use of different types of electrolytes. The

performance of the supercapacitors depends on the choice of electrolytes. The

parameters for designing electrolytes are as follows:*®

e Electrical conductivity: To make a supercapacitor with high electrochemical
performance, the electrolyte should have conductivity and ionic mobility.
Aqueous electrolytes generally have the highest ionic conductivity among
different types of electrolytes. The electrolyte conductivity mainly depends on
ionic mobility, ion concentration, elementary charge, and magnitude of the

valence of the mobile ion charges.
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e Salt effect: The conductivity of different salts can vary in the same solvent.
Moreover, the salt concentration also affects the conductivity in the same solvent
due to the number of available free ions. At optimum salt concentration, the ionic
conductivity of the electrolyte could increase.

e Solvent effect: The viscosity and the dielectric constant of the electrolyte are the
main properties that influence the conductivity of the electrolyte. The dielectric
constant and the viscosity govern the dissociation of the salts and the ionic
mobility, respectively. The suitable solvent should have high dielectric constant
and low viscosity.

e Electrochemical stability: The solvent should have high electrochemical stability
for cycle stability as well as the safety of the device is concerned. The components
of the electrolyte and the compatibility with the electrode material influence the
electrochemical stability.

e Thermal stability: When an SC is subjected to a repetitive charge-discharge
process, it raises the operating temperature of the device, and therefore, the
thermal stability of the electrolyte is very important for the safety of the device.

The electrolytes used in supercapacitors can be generally categorized as aqueous,

organic, and ionic liquid electrolytes. Among the electrolytes, aqueous electrolytes are

low-cost and exhibit the highest ionic conductivity but suffer from a limited potential
window (1.23 V). Both organic and ionic electrolytes can operate in relatively higher
potential windows (2.5-2.7 V and 3.5-4.0 V, respectively), but suffer from inferior
ionic conductivity. Organic electrolytes are relatively toxic and have handling issues,
while the cost of ionic electrolytes hinders their commercial application. Apart from

the three aforesaid types of electrolytes, other electrolytes such as solid-state
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electrolytes, mixtures of electrolytes (two similar electrolytes in different ratios), and

redox-active electrolytes have been employed nowadays.'®

1.3.3 Separator

The separator in a supercapacitor device avoids direct contact with the electrodes
which may lead to a short circuit. The separators are insulators and should permit the
movement of electrolyte ions. It wets the electrodes as well as provides mechanical
support to the device. Different types of materials, viz. cellulose paper, glass fibers,

ceramics, and polymer-based materials, are used as separators.

1.3.4 Current collector

The current collectors connect the electrodes to the outer circuit and must have
excellent electrical conductivity. The current collectors should have high corrosion
resistance as various types of electrolytes are used, which may cause corrosion in the
current collector. The most commonly used current collector materials are aluminum,
stainless steel, nickel, etc. Commonly, the electrode materials are coated onto the
metallic current collector foils or sheets. Moreover, metal foams, metal mesh, carbon
paper, carbon cloth, etc. are also used as current collectors. A thin layer of conductive

carbon is coated on the metallic current collectors to reduce contact resistance.

1.4 ELECTROCHEMICAL EVALUATION OF SUPERCAPACITORS

Two different types of cell configurations are used to test the electrochemical
performance of electrode materials, viz. three-electrode, and two-electrode systems. A
three-electrode system (Figure 1.6a) constitutes a working electrode (WE), reference
electrode (RE), and counter electrode (CE).'' Three-electrode system or half-cell

configuration is mainly used to study the performance of the electrode materials. The
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applied voltage across the WE is measured with respect to a particular RE (for
example Ag/AgCl electrode, Hg/HgO electrode, and Saturated Calomel Electrode,
etc.) in the three-electrode setup. The two-electrode testing system (Figure 1.6b)
represents a full cell configuration that consists of two electrodes (active material
coated on a current collector) separated by an ion porous separator. The separator is
saturated with electrolytes and prevents direct electrical contact between the
electrodes. Three main electrochemical tests are used to evaluate the performance of
the SCs, namely cyclic voltammetry (CV), galvanostatic charge-discharge (GCD),

and electrochemical impedance spectrometry (EIS).

Electrode

AR

Electrode

N

Current Collector

NN

7
7
g
/
/
,//
/
/
/
/
g
7
/
7

Figure 1.6 Construction graphs of (a) the three-electrode testing system (EW:
electrochemical workstation, WE: working electrode, CE: counter electrode, RE:

reference electrode), and (b) the two—electrode testing system. (Adopted from **)

1.4.1 Calculation of Capacitive Parameters

In a three-electrode system, The specific capacitances (Cs, F g™*) can be evaluated

from cyclic voltammograms as follows:**?°

j Idv
C =
97 2AmAV

(1.5)
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where, j IdV is the area under the CV curve, | is the current response (A), AV is the

potential window (V), m is the mass active materials (g), and A indicates the voltage
scan rate (V s ).

The more reliable value of capacitance can be obtained from the GCD tests as

follows:
Cy = IZ\A/t (1.6)

where, Iy (A g7 is the discharge current density, Az (s) is the time for discharging,

and AV (V) is the potential window excluding IR drop.

For two-electrode symmetric cells, the specific capacitances of a single
electrode (Cq, F g ') and symmetric supercapacitors (Ceen, F g') were calculated from

the respective CV and GCD using equations (1.7) and (1.8), respectively.

Cg =4X ZﬂMAV =4ax cell (17)

where, M is the total mass of electrode materials (g) in both the electrodes and AV is

the cell voltage (V)

c —axlAl_,

g AV cell

(1.8)

The energy density and power density are the two main parameters of
supercapacitors. The amount of total charge stored per unit mass is represented by
energy density (Ecen, W h kg™), while the power density (Peen, W kg™) defines the
charge delivery rate during the discharging process. Energy and power densities of

supercapacitors can be evaluated as:
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1.5 ELECTRODE MATERIALS FOR SUPERCAPACITORS

1.5.1 Carbon Materials

The carbon materials offer high conductivity, large surface area, controllable pore
structure, and excellent electrochemical as well as thermal stability, which makes
them suitable electrode materials in EDLCs. The most commonly used carbon
materials used in EDLCs are discussed below. Various carbon materials including
activated carbon (AC), graphene, carbon nanotubes (CNTSs), and carbon aerogels have

been investigated as electrode materials for SCs.

1.5.1.1 Activated carbon (AC)

ACs are the most extensively used electrode materials for supercapacitors due to their
large surface area, tunable pore structure, good electrochemical stability, and
electrical properties. ACs are commonly synthesized by either physical or chemical
activation of carbonaceous materials, viz. coconut shell, wood, coal, and polymers.
The carbon precursors are usually treated at high temperatures ranging from 700 to
1200 °C in oxidant environments (viz. CO,, steam) during the physical activation
process. Conversely, chemical activation is referred to as the treatment of precursors
with activating agents (such as KOH, NaOH, H,SO,, H3PO,4, ZnCl,, K,COs3, etc.) at
relatively low temperatures (400 to 700 °C). The activation process generates the

porous structure of AC in addition to the partial oxidation of the carbon surface. The
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method of activation and the activation temperature and time plays a major role in
tuning the pore structure and surface area of the materials. The optimization of the
above-mentioned parameters can result in ACs with surface areas as high as 3000 m?
g2 It has been observed that ACs exhibit a wide range of pore sizes: (i)
micropores (< 2 nm), (ii) mesopores (2-50 nm), and (iii) macropores (> 50 nm).
Typically, a large surface area should provide higher capacitance. However, Kierzek

1.* obtained smaller specific capacitance (7—11 uF c¢m ) than the theoretical

et a
double-layer capacitance (15-25 pF ecm ?) for AC. Their study revealed that the whole
surface area of the pores is not accessible to electrolytes thereby limiting the charge
accumulation and capacitance. Hence, several other features such as pore size
distribution, pore shape, surface functional groups and conductivity of the carbon
materials significantly influence their capacitive performance in addition to specific
surface area. The greater degree of activation could result in large pore volume and
low density, which in turn will adversely affect the volumetric energy density and
power delivery 2.

Studies have shown that ACs exhibit high specific capacitances in agqueous
electrolytes (100 — 300 F g %) in comparison to organic electrolytes (100 — 120 F g %).
The reasons for lower capacitance in organic electrolytes are the low ionic
conductivity of organic electrolytes as well as the larger sizes of electrolyte ions in
organic solutions. The low ionic conductivity, large ionic size together with the
electrochemical affinity between the carbon surface and the organic electrolyte results
in underutilization of the pore structure of the electrodes during the charge storage.
The high capacitance values of ACs in aqueous electrolytes are given herewith by few

examples: Sugarcane bagasse-derived carbon (2905.4 m? g ') prepared via KOH

activation has demonstrated a high capacitance of 301.9 Fg > at 1 A g in an aqueous
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electrolyte.”® Chitosan-based AC (1582 m? g')* prepared using CuCl, as the
activating agent exhibited a capacitance of 252 F g* at 0.5 A g . Cai et al.” reported
the ZnCl,+FeCl; based activation of Moringa oleifera stems to prepare AC (2250 m?
g1) and obtained a capacitance of 311 F g > at 0.1 A g *. However, the cell voltages of
SCs in aqueous electrolytes are limited by thermodynamic decomposition limit of
water splitting (1.23 V). Therefore, the energy density of the aqueous electrolytes-
based SCs is low. The organic electrolytes provide high cell voltages up to 2.7 V
together, and therefore, the commercial SCs are usually constructed with organic
electrolytes and AC electrodes. As a result of the high cell voltage, SCs in organic
electrolyte exhibits high energy density in comparison to that in aqueous electrolyte.
The surface functional groups present in the ACs also enhance the capacitive
performance by improving the wettability of the carbon surface by the electrolyte as
well as contribution of pseudocapacitance. Different types of heteroatoms such as
nitrogen, oxygen, and sulfur-containing groups are usually introduced on the carbon
surface to provide additional faradaic charge transfer. Li et al.?® prepared nitrogen-
doped AC (1615 m? g %) from Macadamia nutshell by KOH-based activation process.
The nitrogen-doped AC showed a specific capacitance of 229.7 F g, which was 2.33
folds higher than that of the AC without nitrogen doping. However, studies have also
reported that some surface functionality could result in high self-discharge, instability,
and increased series resistance.” Additionally, acidic functionalities and moisture
present on the surface of ACs could cause aging of the electrodes in organic
electrolytes. Therefore, it is important to optimize the content of surface functional
groups of ACs in addition to the pores structure for superior and stable

electrochemical performance.
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In summary, ACs are extensively used as electrode materials in commercial
supercapacitors due to their high power delivery and long cycle life. However, the
low energy densities have restricted their applications to certain niche markets.
Therefore, it is essential to obtain an optimal and narrow pore size distribution for
maximum utilization of the surface area of the electrode pores as well as controlled
surface functionality for designing high energy density AC-based supercapacitors

with long cycle life.

1.5.1.2 Graphene

Graphene is a 2-D material with exceptional properties, viz. excellent conductivity
(charge carrier mobility = 250000 cm?® V* s), mechanical strength (mechanical
stiffness = 1 TPa), large surface area (2630 m® g*) and favorable pore size
distributions.®**! These salient properties of graphene have led to the development of
graphene-based electrode materials for various applications including SCs and
batteries. There are several methods to synthesize graphene, viz. mechanical
exfoliation (scotch tape method), chemical vapor deposition (CVD) on metal foil
substrates (Ni, Cu, etc.), epitaxial growth on silicon carbide substrate, exfoliation of
graphite in organic solvents and exfoliation and reduction of chemically oxidized
graphite. The graphene synthesized by CVD or micromechanical exfoliation has the
best quality with fewer basal plane defects and few-layered (single or bilayer sheets)
structures. However, the high cost of these methods limits their applications for large-
scale production of graphene for energy storage applications. The reduction of
chemically oxidized graphene can produce graphene materials of relatively lower
quality but at larger scales and low cost. In this process, graphite oxide (GO) is first
prepared by oxidation of graphene either by Hummers, Brodie, or Staudenmaier

methods. Graphite oxide contains various oxygen-containing functionalities such as
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hydroxyl, epoxy, and carbonyl groups. Afterward, the GO is exfoliated and reduced
by either chemical reduction (with hydrazine, sodium borohydride, hydroiodic acid,
etc.) or thermal treatment to restore the electrical conductivity and the surface area.
The final product obtained after the reduction process is reduced graphene oxide
(rGO) which contains a very small amount of residual oxygen groups (depending
upon the degree of reduction). The chemical structures of graphene, graphene oxide

and rGO are shown in Figure 1.7.

Graphene Graphene oxide Reduced graphene oxide
GO)

Figure 1.7 Chemical structures of graphene, graphene oxide and reduced graphene
oxide (rGO)

Theoretically, graphene can exhibit a capacitance of 550 F g, which is the
highest intrinsic capacitance attainable by carbon-based materials. However, the
actual capacitance obtained from the graphene is far from its theoretical value due to
the unwanted restacking of graphene sheets reducing the accessible surface area for

the electrolyte ions. Stoller et al.*

synthesized rGO from hydrazine reduction of
graphene oxide, and the as-synthesized rGO-based electrodes exhibited gravimetric
capacitances of 135 and 99 F g ' in aqueous KOH and organic (TEABF4/AN)
electrolytes, respectively. Later, Wang et al.*® used a gas-phase hydrazine reduction

route to synthesize rGO with lesser agglomeration and obtained a higher capacitance

of 205 F g * in a KOH electrolyte. Lee et al. ** used precursor-assisted chemical vapor
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deposition (CVD) to synthesize mesoporous graphene nanoball for supercapacitor
electrodes and achieved a capacitance of 206 F g * in H,SO, electrolyte. Vivekchand
et al. * thermally reduced graphene oxide at 1050 °C and the resultant rGO (925 m?
g Y) exhibited a capacitance of 117 F g* in H,SO, electrolyte. However, the
application of such a high-temperature process is energy-intensive. Later, Jian et al. *®
studied the effect of temperature (200 — 900 °C) on thermal reduction of GO and
obtained the maximum capacitance of 315 F g™* (in 6 M KOH electrolyte) at the
annealing temperature of 200 °C. This high capacitance is attributed to the high
content of residual oxygen-containing functional groups, which contribute to
pseudocapacitance.

Various strategies have been used to prevent the restacking of the graphene
layers so that the maximum surface area of the graphene can be utilized for energy
storage. These strategies include the addition of surfactants, spacer materials,
crumpling of graphene sheets, 3D structure formation, etc.®” *° Zhang et al.*® reported
improvement capacitance of rGO with surfactant intercalation in rGO sheets and a
capacitance of 194 F g * was obtained with TBAOH stabilized graphene in 2 M
H,SO, electrolyte. The surfactant not only lowered the re-stacking of rGO sheets but
also increased the wettability of the rGO electrodes as well. Spacer materials such as
carbon black and carbon nanotubes have been used to reduce the self-aggregation of
graphene sheets, which enabled a larger accessible surface area for the electrolyte ions
and increased the capacitance.**** However, local aggregation graphene sheets are
inescapable, which is a major hurdle to increasing the capacitance. Dey et al.*?
synthesized copper foam (CuF) integrated three-dimensional rGO electrodes
(3DrGO@CUuF) which exhibited a high specific capacitance of 623 F g ' (at 1 A g%).

However, in this case, CuF also contributed to the total capacitance along with
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3DrGO. El-Kady et al.*® reported a larger-based unique strategy for the reduction of
GO. The resultant product was laser-scribed graphene (LSG) film which possessed
3D open networks, high conductivity (1738 S m™) together with a specific surface
area (1520 m? g ). The efficient pore structure of these LSG enabled efficient charge
mitigation inside the whole electrodes, and thus, the LSG electrodes exhibited high
capacitance (276 F g ') and energy densities while maintaining high power densities
in ionic liquid electrolytes. It has been also reported that the preparation of graphene
sheets with wrinkled or crumpled sheet morphologies reduces aggregation and can
provide much better capacitive performance in comparison to 2D graphene sheets.?"**
In addition, SCs fabricated with crumpled graphene morphologies have shown better
capacitance even at higher electrode mass loadings.®” Similar to activated carbons,
heteroatom doping in graphene can also enhance the capacitance of graphene with an
additional faradaic contribution. For example, Liu et al.*® synthesized nitrogen-doped

graphene (nitrogen content of 2.95), which exhibited a capacitance of 205.3 F g * in

comparison to 170 F g * of pristine rGO in KOH electrolyte.

1.5.1.3 Carbon nanotubes (CNTSs)

Carbon nanotubes (CNTSs) are 1-D carbon materials with hollow cylindrical shapes
consisting of hexagonal carbon networks. CNTs have been explored as electrode
materials for EDLCs owing to their unique tubular structure, superior electrical
conductivity, high porosity, and charge transport capability, good mechanical and
chemical stability. Usually, CNTs are categorized into single-walled carbon
nanotubes (SWCNTSs) and multi-walled carbon nanotubes (MWCNTS). The structures
of SWCNTs and MWCNTs are shown in Figure 1.8. The open-ended tubular
structure of CNTs is advantageous for electrolyte percolation and ion diffusion.

However, the capacitance of CNT-based electrodes is limited due to the low surface
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area of the CNTs as compared to that of graphene and ACs. Therefore, efforts have
been made to improve the electrochemical performance of CNTs by improving the

specific surface area along with surface modifications with functional groups.

Single-walled carbon nanotube Multi-walled carbon nanotube
(SWCNT) (MWCNT)

Figure 1.8 Structures of single-walled carbon nanotubes (SWCNTSs) and multi-walled
carbon nanotubes (MWCNTS). (Adopted from “°)

Niu et al.*” functionalized the catalytically grown MWCNTS with nitric acid
and prepared binder-free  MWCNT-based sheet electrodes for SCs. These
functionalized MWCNT-based electrodes exhibited a surface area of 430 m? g and a
specific capacitance of 102 F g * in 38 wt % H,SO, electrolyte. In another study, An
et al.*® reported the synthesis of SWCNTSs via a DC arc-discharge process. The
electrodes fabricated by mixing the SWCNTs and poly(vinylidene chloride) binder
were annealed at 500-1000 °C. It was observed that the specific capacitance and rate
capability increased with annealing temperature. The highest specific capacitance of
180 F g * and an energy density of 6.5 W h kg * was obtained at high power density

of 20 kW kg in a 7.5 N KOH electrolyte. In another study, Frackowiak et al. *°
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improved the surface area of MWCNTSs to 1035 m? g * by KOH activation process
and investigated the capacitive performances of these materials in aqueous and
organic electrolytes. The activated samples exhibited significantly higher capacitance
compared to the non-activated MWCNTSs. Well aligned MWCNTs with 1-10 um
length and 5-100 nm diameter were grown on aluminum and silicon substrates by a
pyrolytic method.*® The MWCNTs coated aluminum electrodes showed a high
volumetric capacitance of 120 F cm ™ and a high power density of 700 kW L™ at an

energy density of 26 W h L ™. Chen et al. *

used a CVD technique to uniformly grow
CNTs on the surface of graphite foil and these electrodes exhibited a specific
capacitance of 115.7 F g™ (at 100 mV s™) in 1 M H,SO, electrolyte. Heteroatom
doping has also been explored to improve the electrochemical performance of CNT-
based SC electrodes. For example, Gueon and Moon ** reported a 3.1x increase in
specific capacitance with nitrogen-doped CNTs (nitrogen content 11.2 at.%)
compared to that of the pristine CNTSs.

Several studies have reported superior capacitive performance for aligned
CNTs as compared to entangled CNTs.>* *® The better performance of aligned CNTs
is due to their unbundled structures, presence of abundant mesopores, and rapid ion
transportation due to low resistance. Hata and coworkers®® synthesized vertically
aligned SWNTs via a water-assisted chemical vapor deposition technique with a
specific surface area of 1300 m? g*. These SWCNT-based electrodes displayed a
wide operating voltage of 4 V and high energy density of 94 Wh kg* and power

density of up to 210 kW kg in organic electrolyte. Kim et al.*

synthesized vertically
aligned double-walled CNTs grown on carbon papers and reported high
electrochemical performance, viz. specific capacitance of 200 F g*, the maximum

energy density of 20 Wh kg™ and power density of 40 kW kg™ in 1 M H,SO,
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electrolyte. Saghafi et al.>* reported vertically aligned carbon nanotubes (VACNTS)
grown on highly n-doped silicon substrates prepared via plasma-enhanced CVD
process. The fabricated VACNT-based electrode exhibited a specific capacitance of
70 F g*, as compared to 8 F g * of entangled carbon nanotube-based electrode in 0.5
M KClI electrolyte.

CNTs are a good choice for free-standing SCs electrodes because of their
resilient and robust framework. Flexible and stretchable SCs with CNT-based
electrodes have been explored to shed light on a wide range of stretchable energy
storage devices. In addition, CNTs have been utilized to prevent the restacking of
graphene sheets. Various methods such as CVD, hydrothermal treatment,
electrophoretic deposition, etc. have been employed to prepare hybrid graphene/CNTs
films.>*° The hybrids of 2D graphene materials and 1D CNTs have displayed
improved electrochemical and mechanical properties compared to each of the

individual components.

1.5.2 Metal Oxides

Metal oxides are regarded as promising electrode materials for PCs owing to their
high specific capacitance and energy density resulting from surface redox reactions.
To date, various metal oxides viz. RuO,, MnO,, Fe3;04, NiO, V,0s, etc. have been
investigated as electrode materials for SCs. Among these metal oxides, RuO,, MnO,,
and Fe;O,4 have shown excellent capacitive performances. Nevertheless, most metal
oxides have low electrical conductivity and thus the capacitances obtained from the
metal oxide-based electrodes are far from the theoretical limit. Therefore, these
materials are incorporated with conductive carbon materials to prepare composite

materials to obtain superior performance.
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1.5.2.1 Ruthenium dioxide (RuO,)

Ruthenium dioxide (RuO,) has gotten a lot of interest as the most promising
pseudocapacitor electrode material because of its low resistivity and great chemical
and thermal stability.®® RuO, offers a high theoretical specific capacitance under a
wide operational potential (1.4 V) owing to its high electrical conductivity and
multiple valance states for electron transition, i.e. Ru*, Ru**, Ru*" and Ru®* °.
However, the high cost and low abundance of RuO, significantly hinder its
commercial application in SCs. It has been reported that amorphous RuO, exhibits
higher specific capacitance than crystalline RuO; due to the presence of more electro-
active sites. The double-layer capacitance accounts for about 10% of the charge stored
in RuO, electrodes, whereas the majority is contributed by pseudocapacitance ®2. The
protonation charge storage mechanism of RuO, can be described as:

RuO, + xH" +xe" «—Ru0O, ,(OH),,0<x<2 (R1.1)

Many factors influence the performance of RuO,, including crystallinity,
water content, and particle size. It has been reported that the hydrous form of RuO,
(i.e. RuO2-xH,0) exhibits higher capacitance in comparison to the anhydrous form.
Zheng et al. reported a hydrous RuO, electrode with an amorphous phase that can
reach 720 F g' after annealing at 150 °C.”®* When they raised the annealing
temperature to convert RuO, to the crystalline phase, the specific capacitance
drastically dropped to 19.2 F g™ at 400 °C. These findings revealed that protons can
easily permeate into the hydrous RuO, in the amorphous phase, but that intercalation
into a well-crystallized structure is difficult. Sugimoto et al.®* attempted to explain the
phenomena of the enhanced capacitance of RuO,-xH,O. They proposed that
anhydrous RuO, particles clump together with no available micropores for ion

diffusion, whereas hydrous RuO, particles are smaller and have hydrated micropores
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between them, allowing for good ion transport. As a result, the water content of RuO,
IS critical, as it is responsible for fast ionic conduction through the porous structure,

which improves capacitive performance. Zheng et al.**

electrodeposited RuO,.xH,0
thin-film electrodes on a titanium substrate, which exhibited excellent cycle stability,
and good power capabilities with a high electrode specific capacitance of 786 F g .
Moreover, nanotubular arrayed electrodes of RuO,-xH,O synthesized via anodic
deposition technique achieved a high specific capacitance of 1300 F g .

Due to the high cost of ruthenium oxide, several studies have focused on
combining it with other low-cost materials. Moreover, pristine RuO, particles tend to
agglomerate together, reducing their electrochemical performance dramatically ®. In
this context, various RuOy/carbon composites were investigated as electrode materials
for SCs for better energy-storage capacities and lower costs.®® These composites
benefit from the use of both the Faradaic and non-Faradaic mechanisms and exhibit

large charge storage capacities. For instance, Naoi et al.®’

synthesized nanosized
hydrous RuO_/ketjen black composites using in situ sol-gel methods and reported a
maximum specific capacitance of 821 Fg . Similarly, laser-scribed graphene/RuO.
nanocomposite-based electrodes displayed ultrahigh-specific capacitances up to 1139

-168

Fg
1.5.2.2 Manganese dioxide (MnQOy)

Manganese dioxide is a viable substitute for RuO, because of its low cost, abundance,
and environmental safety compared to other metal oxides, as well as the high
theoretical specific capacitance of 1370 F g>.%° The main charge storage processes for
manganese oxides are pseudocapacitive (Faradic) reactions on the electrode surface
and in the bulk of the electrode. Electrolyte cations (C+ = H*, Li*, Na', and K)

adsorb on the surface of manganese oxide in the surface Faradaic reaction:""*
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(MnO,), ... +C" +& «—>(MnOOC) (R 1.2)

surface surface

The bulk Faradaic reaction is based on electrolyte ion intercalation/deintercalation in

the bulk manganese oxide: "

MnO,+ C" + e «——>MnOOC (R1.3)

Figure 1.9 Crystal structures of a-, B-, y-, 6-, and A-MnO, (Reproduced with
permission "2. Copyright 2008, ACS)

For the first time, Lee and Goodenough™ reported MnO,-based supercapacitors in
aqueous electrolytes. The pseudocapacitive performance of manganese dioxides is
influenced by physical and chemical factors.”*" The microstructure is primarily
responsible for cycling stability, whereas the chemical hydrated state is primarily
responsible for specific capacitance.”® The crystallographic phases of MnO; (viz. a, P,
v, 6, and A phases) influence the electrochemical performance of MnO,. The a, 3, and

vy have a 1D tunnel structure, whereas 6 and A have 2D and 3D tunnel structures,
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respectively (shown in Figure 1.9). Brousse et al.”” and Devaraj et al.’ investigated
the capacitance of various MnO; structures in K;SO, and Na,SO, electrolytes,
respectively, and reported that the specific capacitance of MnO; varies in the order of
a =06 >vy>A>p. It was perceived that the o and 6 phase of MnO, possesses larger
tunnel size in the crystal structure compared to other phases, which facilitate insertion
of electrolyte ions during charge-discharge and resulted in higher capacitances.”

In addition to the crystal structure, the morphology of MnO, plays an
important role in determining the capacitive performance. Therefore, MnO,
nanostructures of different morphologies, viz. nanorods,”® hollow spheres,
nanoflowers, nanowires,® etc., have been explored as SC electrodes. These
nanostructures displayed improved specific capacitance and rate capability along with
good cycle stability. The 1D MnO, nanostructures (e.g. nanowires, nanorods,
nanorods, etc.) can benefit from the rapid charge transport along the axial direction
and shorter lengths of ion diffusion and electronic transport. For example, Li et al.®
synthesized ultra-long a-MnO, nanowires by a facile hydrothermal route and these
nanowire electrodes exhibited a specific capacitance of 345 F g *. On the other hand,
2D MnO; nanostructures can achieve enhanced capacitive performance due to high
specific surface area and the presence of abundant electro-active sites available for

surface redox reactions. For example, Liu et al.®

synthesized single-layer MnQO;
nanosheets via a template-free method and the synthesized MnO, sheets displayed a
high specific capacitance of 868 F g ™.

In spite of its high theoretical capacitance, the low electrical conductivity of
MnO; (10 — 10° S cm™) hinders its charge transfer dynamics.**® As a result,

specific capacitances reported in the literature for pristine MnO, are far less as

compared to the theoretical limit. In this context, combining MnO, with conductive
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carbon materials in the form of composites is an efficient technique to improve the
electrochemical performance and overcome the poor conductivity of MnO,.%* The
carbon component not only increases the conductivity and electrochemical stability
but also facilitates the diffusion of electrolyte ions. Besides, these MnOj/carbon
composites enable maximum utilization of the active surface area of the MnO, which
is useful for effective charge transport. Consequently, enhanced capacitance, high
cycle stability, and rate capability can be obtained from MnO,/carbon nanocomposite-

based electrodes. For instance, Chen et al.®

reported MnO,/rGO nanocomposite-
based electrodes with a specific capacitance of 234.8 Fg *at 0.1 A g *and excellent
cycle stability (100% of capacitance retention over 20,000 cycles) in Na,SO4

electrolyte. Bai et al.*

synthesized 3D-graphene/MnO, foam and obtained a specific
capacitance of 333.4 F gt at 0.2 A g* along with good cycle stability. Wang et al.%?
fabricated stretchable supercapacitor electrodes of CNT-MnO; nanosheet composites,
which exhibited a specific capacitance of 3239 F g* at 1.9A g and 93.1%
capacitance retention over 6000 cycles. Heteroatom-doped activated carbon/MnO,
composite electrodes prepared by Wadekar et al.*® exhibited a specific capacitance of

424 Fg ' atacurrent density of 1 A g *. In another study, Ozkan et al.*

synthesized
ternary graphene/MWCNT/MnO, nanowire (GMM) composite grown on Ni foam via
CVD and bath deposition method. The GMM-based electrodes demonstrated ultra-
high specific capacitance of 1108.79 F g%, a superior energy density of 391.7 W h

kg, and 97.94% capacitance retention over 13,000 cycles at a wide operational

potential window of 1.6 V in Li,SO, electrolytes.

1.5.2.3 Iron oxide (Fe30,)

Fe30,4 is a good pseudocapacitive material with a high theoretical capacitance ~

2299 F g% Besides, the natural abundance, low cost, and environmental
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compatibility of Fe3O, are added merits. However, in practice, the specific
capacitance values achieved using magnetite electrodes are far less due to low
conductivity and the agglomeration of the Fe;O, particles. For the first time, Wu et
al.”® investigated the capacitive performance of FesO,-based electrodes in different
aqueous electrolytes. They obtained the highest specific capacitance of 510 F g * and
a wide operational potential window of 1.2 V in Na,SO; electrolyte. The charge
storage mechanism of Fe;O, electrodes in Na,SO3 electrolyte can be expressed as:

FeO + SO «—>FeSO, +2e~ (R1.4)
2Fe"0+50; «—>(Fe"0) SO} (Fe"0) +2e (R 1.5)

Firstly, a faster surface redox reaction of sulphur was observed and given by Eq. (1.4).
Secondly, oxidation/reduction redox reaction between Fe(Il) and Fe(l11) was observed
(Eq. 1.5) along with probable intercalation of SOs* ions between the iron oxide

layers for balancing the extra charge. Thereafter, Wang et al.%’

investigated the
capacitance mechanism of Fe;O,4 in Na;SO3, Na,SO,4, and KOH electrolytes using X-
ray photoelectron spectroscopy (XPS), and electrochemical quartz-crystal
microbalance analysis. The specific capacitances of Fe;O, electrodes were 170, 25,
and 3 F g ! in Na,SOs, Na,SO,, and KOH electrolytes, respectively. It was apparent
that the capacitance of Fe;O4 in Na,SO; electrolyte is a combined effect of both the
EDLC and pseudocapacitance involving successive reduction of specifically adsorbed
SOs? ions as follows:

2507 +3H,0+4e «—>S,07 +60H " (R 1.6)

$,0% +3H,0+8e «—»2S% +60H" (R1.7)

In the Na,SO, electrolyte, the entire capacitance originated from double layer

formation, whereas the small capacitance in the KOH electrolyte was caused by the
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surface oxidation of Fe;O4 electrodes. In another study, Li and Liu*® synthesized
Fes04 nanorod films on Ti foils via hydrothermal and annealing methods. They used
Dunn’s method® to segregate the surface capacitive contribution from the capacitance
originating from diffusion-controlled insertion process. The results of Dunn’s method
revealed the charge storage in FesO,4 in Li,SO,4 is mostly contributed by the insertion
of Li* in the bulk, due to which the Fe304 nanorod electrodes suffered from poor rate

capability. Wang et al.*®

synthesized amorphous Fe3O, nanoparticles (NPs) via an
ultrasound-assisted route using FeCl; and ethanolamine. The Fe3O4 nanoparticles
displayed a high capacitance of 335 F g ' at 0.4 A g%, 100% capacitance retention
over 2000 cycles, and good rate capability (in 1 M Na,SOj; electrolyte). Additionally,
Zhao et al. synthesized zero-dimensional (OD) nanoparticles and one-dimensional
(1D) nanowires of Fe;O4 via a hydrothermal method employing the spray deposition
technique to prepare films.'® The 1D Fe;0; nanowires displayed a specific
capacitance of 106 F g whereas the capacitance of Fe;04 nanoparticles was 12 F g .

Although Fe;O4 has high theoretical capacitance, the actual capacitances
obtained from pristine Fe3O4-based supercapacitors are far less than the theoretical
prediction. This unsatisfactory performance could be attributed to the poor
conductivity and limited surface area (due to self-aggregation) of Fe3O, particles.
Therefore, many studies have focused on the composites of Fe;O4 and high surface
areas of conductive carbon materials like porous carbon, activated carbon, graphene,

carbon nanofibers, carbon nanotubes, etc. For example, Liu et al. '*

synthesize
Fe304/GS nanocomposite paper employing vacuum filtration followed by a thermal
reduction process. The optimized Fe3O4/GS composite paper (~ 64.8% Fe3;O,4 loading)
with a surface area of 310 m? g* displayed a specific capacitance of 368 F g™ at 1 A

g * and high cycle stability.
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1.5.3 Conducting Polymers (CPs)

Conducting polymers and their derivatives have been widely researched as potential
electrode materials for SCs. The high conductivity, fast charge-discharge
environmental stability, and exceptional energy storage capacity make the CPs
suitable electrode materials for SCs. The capacitance of CPs is primarily dependent
on the redox processes. During the charge-discharge process in CP electrodes, redox
reactions occur both at the surface as well as at the bulk of the material. However,
these redox reactions do not involve any phase transformation. A conducting polymer
must have charge carriers, charge mobility, simple Kkinetics, and readily available
solvated counterions in order to achieve both high conductivity and electrochemical
capacitance.’® The charge carrier concentration in a CPs is increased via either
removing electrons from the valence band (p-doping) or electron insertion into the
conduction (n-doping) band via oxidation and reduction respectively. CPs are thus
classified into two categories, viz. known as n-doped (negatively charged CPs) and p-
doped (negatively charged CPs). It should be noted that CPs can only function
properly within a certain potential range, and working outside of that range may
induce CP degradation. As a result, selecting a proper prospective window is critical
to CP-based electrodes. The most widely used conjugated CPs for SC applications are
polypyrrole (PPy), polyaniline (PANI), and 3,4-ethylenedioxythiophene (PEDOT).
PANI and PPy have been most extensively investigated due to their accessible redox
states, high electrical conductibility, and tunable physical properties. Both PANI and
PPy are essentially p-doped due to their low n-doping potentials, and therefore, they
are used as positive electrode materials.

The high theoretical specific capacitance (~ 2,000 F g™ in H,SO,) and unique

redox and acid-base doping/de-doping properties of PANI makes it a very attractive
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PC material. Essentially, the electrochemical performance of PANI is collectively
contributed by both its surface area and electron transfer reactions associated with the
benzenoid and quinoid groups. Sivakumar et al.'®* used interfacial polymerization
technique to synthesize PANI nanofibers and investigated their capacitive
performance in 1 M H,SO, electrolyte using a two-electrode cell. Although a high
specific capacitance of 554 F g* (1 A g ') was obtained, the cycle stability was

significantly low for the PANI electrodes. Li et al.'®

investigated the theoretical and
experimental capacitance of PANI in H,SO, electrolyte. They reported that the
experimentally obtained specific capacitance of PANI was only 30% of the theoretical
value (2000 F gY). PPy is another extensively used CPs that have advantages like
relatively high capacitance and facile synthesis. Li and Yang'® used methyl orange-
FeCl; complex as the self-degradable template to synthesize flexible PPy via a
chemical oxidation method. The as-synthesized film consisted of PPy nanotubes
(length of 5-6 um and diameter 50-60 nm) when the molar ratio of FeClz to monomer
ratio was 0.5 and the film displayed a specific capacitance of 576 F g * (at 0.2 A g )
in 1 M KCI electrolyte. Rajesh et al.'” deposited phytic acid-doped polypyrrole thin
films on stainless steel (SS) and titanium (Ti) substrates through an electro-
polymerization method. The films deposited on SS and Ti substrates exhibited
specific capacitances of 297, and 343 F g > at 5 mV s, respectively in 1 M H,SO,
electrolyte.

Although pure CPs have several unique features, their standalone application
in high-performance SCs is limited due to the poor stabilities during the charging and
discharging process. Large volumetric swelling and shrinking during the charge-

discharge process lead to structural collapse of the CP electrodes, which results in

capacitance fading and poor cycle life. To overcome the issue of mechanical
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degradation as well as to improve the cycle stability, composite electrodes based on
CPs and other electro-active materials are synthesized. As compared to pure CPs,

these composites exhibit superior capacitive performance.

1.5.4 Composite Materials

In the previous sections, we have discussed various electrode materials used in
supercapacitors. Tables 1.1 and 1.2 summarize the capacitive performances of
different materials, viz. carbon materials, metal oxides, and conducting polymers.
Each of these materials has its own merits and shortcomings. To achieve superior
electrochemical performances, hybrid composite materials are prepared by combing
different (two or more) materials. This hybrid composite material exhibit enhanced
electrochemical performance by benefiting from the advantages of each individual
component. Also, the rationally designed structure of these composites could
substantially alleviate the electrochemical properties via a synergistic effect. In
practice, pseudocapacitive materials like oxides/conducting polymers are combined
with carbon materials to obtain composite materials with enhanced conductivity, high
stability, better charge transport properties, etc. These features ultimately result in
excellent capacitive performances (viz. high specific capacitance, rate capability, and
cycling life) for the composite-based supercapacitors. The electrochemical
performances of various composites such as MnOj/graphene, RuO,/carbon fiber,

CNT/cubic Fe3O4, PANI/carbon sphere, etc. have been summarized in Table 1.3.
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Table 1.1 Summary of the capacitive performances of carbon-based electrode materials

Electrode Material Electrolyte Specific Capacitance Cycle stability Ref.
Thermally reduced 30 wt.% KOH 150Fglat0.1Ag? 100% after 500 cycles 108
graphene

B-doped rGO 6 M KOH #200Fgtat0.1Ag" 95% after 4500 cycles 109
rGO/CF film 1 M H,S0, 214Fgrtat05Ag™ 90% after 10000 cycles 110
rGO oncarboncloth 1 M H,SO, #185.7Fgtat1.3Ag?  60.5 after 3000 cycles 1
3DrGO@Cu foam Phosphate buffer 623Fgtat1.3Ag! 100% after 2000 cycles 12
N/P-rGO 6 M KOH 165Fgtat0.1Ag" 91% after 2000 cycles s
Exfoliated Graphene 30 wt.% KOH 264Fgtat0.1Ag! 97% after cycles 14
Graphene hydrogels 5 M KOH 220Fgltat1Ag? 92% after 2000 cycles 1s
Holey graphene EMIMBF,/AN 298Fgtatl1Agt 91% after 10000 cycles 116
KOH activated rGO ~ BMIM BF,/AN 166 Fglat5.7Agt 100% after 10000 cycles w
N-doped graphene TEA BF,/AN 280Fglatl1Agt 99.8% after 10000 cycles 118
fl:l};g?opgeedl graphene 5 \1 KoH 1311 Fg'at80Age  95.20 after 4000 cycles 19
Graphene aerogels 0.5 M H,SO, 325Fgltatl1Ag? 98% after 10000 cycles 120
SWCNT Et,NBF,/PC *160Fgtat1Ag? 96.4% after 1000 cycles %
VACNT 0.5 M KCI 70Fgtat5Ag* 90% after 1000 cycles %
Functionalized CNT &Sg&'\" HQ+ 3199Fglat5mVs?  70%after 350 cycles 121
N-doped CNTs 6 M KOH 205Fgltat1Ag? 92.8% after 1000 cycles 122
2,'\?19'”9" spherieal 1 M H,SO0, 215Fgtat0.2Ag? 999% after 1500 cycles 52
3D CNT-aerogel 1 M H,S0, 160.8 F g *at 0.5 mA 94.7% after 10000 cycles 88
Lignin-derived AC 6 M KOH 312Fgtat1Ag! 98% after 20000 cycles %
S;ﬁf’/‘;g‘ﬂtcpee' 1M H2504 311Fglat0.1 Ag? 94.05 % after 10000 cycles 124
ggzszgnpigcnhin 1 M KOH 285Fgtat05Ag! 929% after 20000 cycles 125
Chitosan derived AC 6 M KOH 252Fgtat05g™ 99.3% after 10000 cycles 2%
i‘épe pollen derived ¢ \; ko 390Fglat05Ag? 92.9% after 10000 cycles 126
Zag'e” leaves derived 5 \; koH 223Fgtat05Ag™t 100 % after 2000 cycles 127
Z"Ctato waste derived 1 i on 255F g lat1Agt 93.7% after 5000 cycles 128
igﬁsgjafcbagasse 6 M KOH “1421Fgtat05Ag?  93.9% after 5000 cycles 129
ig:;g:&"’;gta"‘ 6 M KOH 365F g 05Ag" 95% after 15 000 cycles 130
Fie nutshellderived 6 1 icoH 324Fgat005Agt  94.6% after 10000 cycles 131
Polymer-derived N- ¢\ 1 oy 250 Fglat0.5A g™ 95.75% after 10000 cycles 132

doped AC

EMIMBF4: 1-ethyl-3-methylimidazolium tetrafluoroborate; AN: acetonitrile; BMIM BF,: 1-butyl-3-methyl-
imidazolium tetrafluoroborate; TEA BF,: tetraethylammonium-tetrafluoroborate, Et4NBF4: Tetraethylammonium-
tetrafluoroborate; PC: propylene carbonate; HQ: hydroquinone, # two-electrode data
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Table 1.2 Summary of capacitive performances of metal oxides and conducting polymer-based

electrode materials

Electrode Material Electrolyte Specific Capacitance Cycle stability Ref.
RuO,-nH,0 05MH,S0, 786Fgtatl100puAcm?  95% after 200 cycles 64

mulberry-like RuO, 1 M H,S0, 400 F-gtat02 A-gt 84.7% after 6000 cycles 138
RuO,-nH,0 05MH,S0, 1340F-gtat25mV-s? 134
Amorphous RuO, 05MH,S0, B551F-glatsmV-s? 185
0-MnO, nanorods 1MNaSO, 182Fglat2Ag? 100% after 2000 cycles e

?ggﬁz nanowires on Ni 6 M KOH 641Fglat2Agt 97% after 2000 cycles 81

a-MnO, nanowires 0.5M Na,SO, 345Fglat1Ag™ 100% after 2000 cycles 82

ﬁ;rr‘]%'sehég’:r MnO, 1MNaSO, 868Fglat3Ag™ 919% after 10000 cycles 83

0-MnO, nanoneedles 1 MNaSO, 289Fgtat0.5Ag" 88% after 10000 cycles 136
Multidimensional MnO, 1 MNaSO, 311.52Fgtat03Ag’ 80% after 2000 cycles ol
Hollow MnO, nanofibers 1 MNaSO, 291 FglatlAg® 90.9% after 5000 cycles 138
Fe;0, nanorod film 25MLi,SO, 314FglatsmV.s? %

Amorphous Fe;0, 1MNaSO; 3355Fglat04Ag’ 43.3% after 2000 cycles 100
Fe;0, nanorods 1MNaSO; 208.6Fg at05Ag" 73.2 % after 500 cycles 139
Fe;0, nanodiscs 6 M KOH 920Fgtat15Ag? g;c?g/; after G000 140
Fe;0, nanoparticles 2MNa,SO; 336FglatlAg* 80.4% after 1000 cycles 1
Fe,O5 nanoneedles 1MNaSO, 418.7Fglat10 mVs™ 93.3% after 5000 cycles 142
Mesoporous Fe,04 1 M KOH 469 Fglat2 mvs* 849% after 2000 cycles 143
NiO nanobelts 2 M KOH 600Fgtat5Ag? 949% after 2000 cycles 144
Hollow nanostructures

composed of NiO 2 M KOH 642Fgrtat3Agt 94.4% after 1000 cycles 145
nanosheets

Porous hollow Co30, 3 M KOH 1100 Fgtat1.25 Ag™ 95.1% after 6000 cycles 146
Co;0,4nanowire 2 M KOH 754Fgtat2 Agt 100% after 4000 cycles al
V,05 nanosheets 1M Na,SO, 451Fglat05Aqg? 90% after 4000 cycles 148
V/,05 nanowires 1MNaSO, 832Fglat1Ag? 23(':?;/;’ after 10000 19
PANI nanowires 1 M HCIO, 950 Fglat1 Ag? 78% after 500 cycles 150
Polypyrrole film 1M KCl 576 Fgtat0.2 Ag? 82% after 1000 cycles 106
Polythiophene thin films ?r;lp'\é' LICIOs g pglatsmys? 85% after 1000 cycles 151
Polyethylenedioxythiophene PVA-H,S0, ™15Fgtat0.4mAcm?  91% after 2500 cycles 152

(PEDOT) paper

7 two-electrode data
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Table 1.3 Summary of capacitive performances of composite electrode materials

Electrode Material Electrolyte Specific Capacitance Cycle stability Ref.
'g‘f‘;s;esrfer;gi%z 1 M H,S0, 1139 F g at30 Ag™ 93% after 4000 cycles 68
GO/ RuO, aerogel 3 M H,S0, 3286Fglatsmvs? 82.81% after 5000 cycles 158
RuO,/carbon fiber 2 M H,S0, 544Fglat2mvs? 97% after 2000 cycles 154
?a“rgéﬁ] charcoal-derived 5\ 4 oy, 510FglatlAg? 87.05% after 3000 cycles 5
RuO,-graphene -CNT 3 M KOH 480.3Fglat05mAcm 2 92.7% after 10000 cycles 156
rGO/MnOy 05MNaSO, 202FglatimVs? 106% after 115000 cycles 8
MnO,/CNT 1 M Na,SO, 2578Fgtat2mvs? 63% after 800 cycles 157
MnO,/3D porous carbon 1 M Na,SO, 139.6 Fgtat300mAg™®  92.3% after 1000 cycles 158
Graphene aerogel/MnO, 3 M LiCl 231.9Fgtat0.5mAcm?  92.9% after 20,000 cycles 159
Graphene/MnO,/CNT 1 M Na,SO;4 288F g lat50 mV st 95% after 1000 cycles 160
F':’;Beorero’ Carbonfiber ) 5 \1Na,SO, 393Fglat0lAg? 98.5% after 2000 cycles 161
Fe;O,-carbon nanosheets 1 M Na,SOs 1634Fgtat1 Ag? 93% after 5000 cycles 162
CNT/cubic Fe;0,4 6 M KOH 117.2Fgtat10mAcm?  91% after 500 cycles 163
FeO,/CNF 1 M Na,SO, 436 F-grat1 A-g? 89% after 5000 cycles 1et
(F;Zigé/n Nitrogen-Doped 5 1 kopy 5227 Fglat0.5Ag! 91.9% after 5000 cycles 165
NiO/graphene oxide 0.5 M KOH 569Fgtat 5Ag" 100% after 3000 cycles g
NiO encapsulated

nitrogen-rich carbon 1M KOH 1130Fgtat2.27 Ag™* 100% after 50000 cycles &1
hollow spheres

3D graphene/Co30, 2 M KOH 1100Fgtat10Ag? 100% after 1000 cycles &5
Cos04/N-doped carbon 1 o1 581Fglatl1Ag? 95.29% after 5000 cycles 169

hollow spheres
Graphene /V,05

Carbon coated V,05
nanorods

Fe,03/N-rGO

o- F6203/rGO

Fe,Oz/hemp straw-based
porous carbon
polyaniline deposited on
hollow carbon spheres

graphene/polypyrrole

Nitrogen-doped graphene
and conducting polymer
PEDOT

1 M LiClO4/PC
0.5 M K;SO,
1M KOH

1M KOH

6 M KOH
1 M H,SO,

1 M LiCI/PVA

PVA-H,SO,

384Fglat0.1Ag?
487 Fgtat 0.5 Ag™
618 Fgtat 0.5 Ag™
903Fglat1Ag?
256 FgtatlAgt
435Fgtat05Ag?

*414F g at 0.2 mAcm?

*536 Fg tat0.5Ag*

82.2% after 10000 cycles
84% after 2000 cycles
56.7% after 5000 cycles
70% after 1000 cycles
72.6% after 1000 cycles
60% after 2000 cycles

95.7% after 10000 cycles

125% after 3000 cycles

170

171

172

173

174

175

176

177

7 two-electrode data
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1.6 AiM, APPROACH AND SCOPE OF THE PRESENT THESIS

Based on the discussion given in previous sections, it could be perceived that primary
challenge of research and development in supercapacitors is to improve the energy
density while retaining high power density and excellent cycle life. The energy
density of supercapacitors can be augmented by increasing the capacitance and/or
widening the cell voltage. Although high operational voltages can be obtained in
organic and ionic liquid electrolytes, these electrolytes are cost-prohibitive,
flammable, and possess environmental concerns. In this context, low-cost, highly
conductive, and environment—friendly aqueous electrolytes are appealing and safer
alternatives. Essentially, the electrode material plays a pivotal role in the
electrochemical performance of the supercapacitors. This thesis focuses on the
development of high energy density supercapacitors (with commercial-level mass
loadings) using advanced electrode materials. In addition, various electrolyte
modification techniques have been also studied to augment the energy density.

The following approach has been undertaken for exploring new routes for synthesis

efficient materials:

a) Synthesis of nanostructured electrode materials using various protocols, viz.
ultrasound-assisted method, co-pyrolysis and activation, etc.

b) Physicochemical characterization of synthesized materials with a variety of
analytical methods, including field emission scanning electron microscopy (FE-
SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD),
energy-dispersive X-ray spectroscopy (EDX), Raman spectroscopy, Brunauer—
Emmett—Teller (BET) surface area analysis, etc.

c) Preparation of electrode slurry by mixing the active materials with conductive

agent and binder. The slurry is coated on a current collector substrate and dried.
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Next, working electrodes of designed sizes are punched out for supercapacitor cell
assembly

d) Assembling of supercapacitor cells and investigation of its electrochemical
performance using standard electrochemical techniques, viz. cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD), and electrochemical impedance

spectroscopy (EIS).

1.7 THESIS OUTLINE

This thesis comprises of six chapters. The brief summaries of the contents of these

chapters are given below:

Chapter 1: This chapter presents general introduction and fundamentals of
supercapacitors including the charge storage mechanisms, various components, and
electrochemical investigation techniques. Subsequently, a brief review of the state—
of—the—art literature on various promising supercapacitor electrode materials and their
electrochemical performances has been presented. Finally, the broad aim, approach,

and scope of the present thesis have been outlined.

Chapter 2: This chapter presents a facile ultrasound-assisted synthesis of
Fes;O04/reduced graphene oxide (rGO) nanocomposites for supercapacitor applications.
The Fe304/rGO nanocomposite has been extensively characterized using standard
techniques, viz. XRD, Raman spectroscopy, FE-SEM, TEM, BET, etc. All-solid-state
supercapacitors were fabricated using Fe3O4/rGO electrodes and PVA/KOH gel
electrolyte, and the electrochemical performances were investigated. The merits of
ultrasound-assisted synthesis method for improved capacitive performance of

Fe;0.4/rGO have been discussed.
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Chapter 3: This chapter describes ultrasound-assisted synthesis of a ternary
nanocomposite of multi-walled carbon nanotube (MWCNT)/MnO,/ rGO as well as
binary nanocomposites of MnO,/rGO and MnO/MWCNT. Various standard
physicochemical characterizations were performed to deduce properties of these
nanocomposites. Electrochemical performances of the nanocomposites have been

investigated at commercial-level electrode mass loadings.

Chapter 4: This chapter provides an eco—friendly and sustainable approach for
developing high—energy—density aqueous supercapacitors. Firstly, capacitive
performances of rGO-based symmetric supercapacitors (rGO-SCs) with commercial—
level electrode mass loadings have been investigated in different aqueous electrolytes.
The energy densities of the rGO—SCs have been augmented with two facile strategies:
(i) using pseudo faradaic contributions from redox-active electrolyte, and (ii)

widening the cell voltage using a low—cost water—in—salt (WIS) electrolyte.

Chapter 5: This chapter demonstrates a scalable synthesis of oxygen-enriched porous
carbon (PC—x) via co-pyrolysis and KOH activation of a ternary mixture of biomass
(viz. sugarcane bagasse, water hyacinth, and yellow oleander). The synthesized PC—x
have been characterized using standard techniques. The influence of KOH/char
weight ratio (x) on the micro/mesopore volume, surface functionalities, and capacitive
performances were studied. High voltage supercapacitors were assembled in neutral
aqueous electrolytes and electrochemical performances were evaluated. Furthermore,

the energy density of the device was augmented using a redox-active electrolyte.

Chapter 6: This chapter provides an overview of all studies in this thesis. A critical
comparison is made of various approaches adopted for efficient supercapacitor

fabrication, viz. using new techniques of sonication or use of activated carbon derived
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from biomass or new redox-active and water-in-salt electrolytes. The merits and
shortfalls of these approaches have been discussed. Based on the results of the present

study, scope for future research in the area supercapacitors has been outlined.
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CHAPTER 2

IMPROVEMENT OF SUPERCAPACITOR PERFORMANCE
THROUGH ENHANCED INTERFACIAL INTERACTIONS

INDUCED BY SONICATION

2.1 INTRODUCTION

Fe;0,4 has gained immense interest as a pseudocapacitive electrode material.*
The high theoretical specific capacitance of Fe;04 (2299 F g ) along with its low
cost, less toxicity, and natural abundance makes it a promising supercapacitor
electrode material. However, the specific capacitance values obtained for pristine
Fe30, electrodes are far less than the theoretical values. This is due to the poor
conductivity and the low surface area resulting from the agglomeration of the Fe3O4
particles. Therefore, many studies have focused on the composites of Fe30,4 and high
surface areas of conductive carbon materials like porous carbon, activated carbon,
graphene, carbon nanofibers, carbon nanotubes, etc. >> Among the carbon materials,
graphene has shown great potential in energy storage applications owing to its
properties, viz. high surface area (2630 m? g*), superior mechanical strength,
excellent electrical and thermal conductivity, etc.® Graphene and its primary
derivatives namely graphene oxide (GO) and reduced graphene oxide (rGO) have
been comprehensively investigated for various energy storage applications.”® It is
known that electro-active materials with large surface area and mesoporous structure
could accommodate more electrolyte ions and facilitate charge transport for faster
surface redox reactions.” Therefore graphene-based composites can demonstrate

enhanced capacitive performance due to their large surface area, good electrical

TH-2919_166151010



CHAPTER 2

conductivity, and high chemical stability.’*** Moreover, the layered structure of
graphene acts as a substrate for the growth of various functional materials during the
synthesis of nanocomposites. Various studies have shown that graphene-based Fe3;O4
nanocomposites have demonstrated excellent capacitance performance.*** It has
been reported that the electrochemical performance of these nanocomposites is
affected by the morphology and surface area interaction between graphene and Fe3O4
particles. Previous literature reports several synthesis methods, viz. solvothermal,
hydrothermal, electrodeposition, solution precipitation, hydrogen reduction,
microwave irradiation, etc. for preparation of graphene-FesO, based composite.>**
Many of these methods are rather complex and some of them require high
temperatures and longer time duration. This necessitates the formulation of novel
synthesis protocols that are simpler and less energy-intensive.

In the present work, we have synthesized a relatively high surface area
Fe304/rGO nanocomposite via a novel ultrasound-assisted method. Ultrasound (37
kHz) was used to effectively disperse rGO nanosheets and to facilitate the nucleation
of Fe3O4 nanoparticles (NPs) on rGO. The use of ultrasound resulted in lesser
aggregation of Fe3O4 nanoparticles as well as the better distribution of Fe;O, particles
on the surface of the crumpled rGO sheets. Symmetric all-solid-state supercapacitors
(ASSCs) have been fabricated using as-synthesized Fe3;O,/rGO nanocomposite as
electrode material. The capacitive performances of ASSCs were investigated with
different electrochemical techniques. The high surface area of the Fe304/rGO
nanocomposite achieved through the novel ultrasound-assisted technique is
manifested in improved electrochemical performance of the SC devices, as explained

in subsequent sections.
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2.2 EXPERIMENTAL SECTION

2.2.1 Materials

Graphite powder (< 20 um), hydrazine hydrate (N,H4, 50-60%), poly(vinyl
alcohol) (PVA), polytetrafluoroethylene (PTFE, 60 wt% dispersion in H,0), and
sodium carbonate anhydrous (Na,COg3) were obtained from Sigma Aldrich (India).
Ferric chloride hexahydrate (FeCls-6H,0), sulphuric acid (H,SO4, 98%), ferrous
sulfate heptahydrate (FeSO,4-7H,0), hydrogen peroxide (H.0,, 30%), potassium
permanganate (KMnQ,), and hydrochloric acid (HCI, 35%) were purchased from
Himedia Ltd. (India). Carbon black (Super P® Conductive) was purchased from Alfa-

Aesar (USA). Ultrapure water was used for all the experiments.

2.2.2 Synthesis of Reduced Graphene Oxide (rGO)

Graphite oxide was synthesized by oxidizing graphite in concentrated H,SO,4
acid using a modified Hummers method.*® Briefly, concentrated H,SO, (90 mL) was
added to graphite (3 g) powder in around-bottom flask and vigorously stirred for 30
min. KMnQ, (12 g) was added slowly into the solution keeping the flask in an ice
bath to control the reaction temperature. The reaction temperature was then raised to
40 °C using an oil bath with continuous stirring for 6 h. The thickened dark brown
reaction mixture was cooled, followed by addition of ultrapure water (400 mL) while
maintaining the reaction flask in the ice bath. Further, H,O, solution was added
dropwise until the color of suspension turned to bright yellow. The suspension was
filtered and washed with HCI (0.1 M) solution and ethanol. The as-synthesized
graphite oxide was further washed with ultrapure water until neutral pH was obtained

and vacuum dried at 60 °C.
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The graphite oxide was exfoliated in ultrapure water (500 mL) using
sonication (37 kHz, 100 W) for 2 h to obtain a colloidal suspension of graphene oxide
(3 mg mL™). Hydrazine hydrate (5 mL) was added to reduce the graphene oxide and
the solution was continuously stirred for 8 h using an oil bath at 85 °C. The resultant
black coloured reduced graphene oxide (rGO) suspension was filtered and the solids
were washed with HCI (0.1 M) solution followed by ultrapure water wash till neutral

pH was obtained. The solids were oven-dried at 70 °C.

2.2.3 Synthesis of FesO4 Nanoparticles

In a typical procedure to synthesize magnetite (Fe3O4) nanoparticles,
FeCl;3-6H,0 (1.1 g) and FeSO,4-7H,0 (0.6 g) were completely dissolved in ultrapure
water (100 mL) using bath sonication. An aqueous solution of sodium carbonate (1
M, 100 mL) was slowly added to the above solution followed by dropwise addition of
hydrazine hydrate (2 mL) under continued sonication. After 15 min of further
sonication, the solution was transferred to an oil bath and continuously stirred at 80
°C. The oil bath was removed after 1 h and the solution was cooled to room
temperature. An agglomerated black mass of Fe;O4 nanoparticles precipitated and a
permanent magnet was used to collect the particles. The obtained Fe;O, nanoparticles
were cleaned by repeated washing with ultrapure water and dried in vacuum for 12 h

(at 70 °C).

2.2.4 Synthesis of Fes04/rGO Nanocomposite

The reduced graphene oxide powder (300 mg) was dispersed in ultrapure
water (100 mL) using sonication for 30 min. Then FeCl;-6H,O (1.1 g) and
FeSO,4-7H,0 (0.6 g) were added to the dispersion and further sonicated for 30 min.

Sodium carbonate (1 M, 100 mL) and hydrazine hydrate (2 mL) were subsequently
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added and the reaction mixture was heated at 80 °C for 1 h. Afterward, the solution
cooled to room temperature and Fe;O4/rGO nanocomposite was magnetically

separated, washed, and vacuum dried.

2.2.5 Characterization Techniques

The crystal structures of synthesized materials were investigated using Rigaku
powder X-ray diffractometer (Model: Smart Lab, Cu Ka, A = 1.54178 A). Raman
spectra were recorded using a Horiba Jobin Vyon Raman system (Model LabRam
HR) with 514 nm laser to study the structural information of synthesized materials.
The N, adsorption-desorption isotherms for the samples were recorded using a
Micromeritics surface area analyzer (Model: Tristar I1). The specific surface and
pores size distributions (PSD) were obtained from the N, isotherms using Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods, respectively. Zeiss
field emission scanning electron microscope (FE-SEM) (Model:-Sigma 300) and a
JEOL transmission electron microscope (TEM) (Model: JEM 2100) were used to
observe the surface morphology of the synthesized nanomaterials. The weight ratio of
FesO4 in the composite was determined using thermogravimetric analysis using a
Netzsch thermogravimetric analyzer (Model: TG 209 F1 Libra). The magnetic
behaviour of the Fe;O, and Fe;O4/rGO nanocomposite was evaluated using a
Lakeshore vibrating sample magnetometer (Model: 7410 series). CHNS elemental

analysis was performed using an Elementar CHNS analyzer (Model: vario EL cube).

2.2.6 Fabrication of Symmetric All-Solid-State Supercapacitor

The electrode slurry for supercapacitors was prepared by making synthesized
material (FesO4 or Fez04/rGO, 80 wt%) with carbon black (12 wt%) and PTFE

dispersion (8 wt% PTFE content). The prepared slurry was coated onto a stainless
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steel foil (thickness ~ 200 um) and dried in vacuum at 70 °C. Prior to the electrode
slurry coating, the stainless foil (current collector) was roughened using emery paper
and properly cleaned by sonication in acetone. ASSCs were fabricated by assembling
two similar electrodes (1.5 cm x 1.5 cm) using PVA/KOH as polymer gel electrolyte
with a separator (cellulose filter paper) in between (Figure 2.1). The PVA/KOH
electrolyte was prepared as follows: PVA (3 g) and KOH (3 g) were dissolved in 30

mL ultrapure water under continuous stirring at 90 °C until the solution became clear.

(1) FeClsH,O Electrode slurry ™,
- (i) FeSO,.7H,0
e - &
Na,CO; + NoH,
P — \
rGo —_— Fe,0,/1GO gchod "
Ultrasound ectrode preparation
Assisted synthesis
T — g B l
- — =
| Melats | o reo, Fe,041C0
electrodes
<> Separator
PVA/KOH

Solid-state supercapacitor

Figure 2.1 Schematic of Fe30,/rGO nanocomposite synthesis and fabrication of all-

solid-state supercapacitor

2.2.7 Electrochemical Measurements

The electrochemical performances of ASSCs were evaluated using a M204
Potentiostat/Galvanostat (Metrohm Autolab). The widely used electrochemical
techniques viz. cyclic voltammetry (CV), galvanostatic charge—discharge (GCD), and
electrochemical impedance spectrometry (EIS) were used to assess the performance

parameters of the solid-state supercapacitor devices.
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The gravimetric specific capacitances of the ASSCs (Ceen, F g°') were
calculated from the CV and GCD curves using equations 1.7 and 1.8, respectively as
described in section 1.4.1 in Chapter 1. The two other two key parameters ASSCs,
viz. energy (E, W h kg™), and power densities (P, W kg™), were calculated from
GCD curves using equations 1.9 and 1.10, respectively (described in section 1.4.1 in

Chapter 1).

2.3 RESULTS AND DISCUSSION

2.3.1 Physicochemical Characterization

The structure and phase information of the synthesized nanomaterials were
investigated using XRD measurements. The diffraction patterns were recorded over a
26 range of 10° to 70° at 5° min™* scan rate. Figure 2.2a shows the diffraction patterns
of Fe304 and Fe304/rGO. The diffraction peaks of Fe3O, were noticed at 260 = 30.20°,
35.50°, 43.23°, 53.61°, 57.15°, 62.72°, and 74.35°, corresponding to (2 2 0), (31 1),
(400),(422),(511),(440)and (53 3) planes of magnetite face-centered cubic
structure, respectively (JCPDS 72—2303).% In the diffraction pattern of the Fe304/rGO
composite, a hump at 26 = 24.64° was observed, which can be assigned to (0 0 2)
plane of rGO (interlayer spacing ~ 0.36 nm). The presence of all the diffraction peaks
of magnetite along with rGO confirms the coexistence of rGO and Fe3O,4 in the
nanocomposite. This type of X-ray diffraction pattern for Fe3O4/rGO composites is
well reported in the existing literature.” The XRD patterns of graphite, graphene oxide
(GO), and rGO oxide is shown in Figure Al.1 (Appendix A). The XRD pattern of
GO exhibits a sharp peak at 26 = 9.62° corresponding to an interlayer spacing (d-
spacing) of ~ 0.92 nm. This high d-spacing is attributed to the presence of oxygen

functionalities and intercalated water molecules in the interlayers of GO. In the XRD
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pattern of rGO, the peak at 9.62° disappeared and a broad peak was observed at about
20 = 24° corresponding to (0 0 2) plane with a d-spacing of ~ 0.36 nm. The decrease
in d-spacing of rGO is essentially due to the removal of oxygen-containing functional
groups during the reduction process. The smaller peak observed at about 26 = 42.5°
corresponds to the (1 0 0) plane and the absence of any other peaks indicates the

purity of the synthesized rGO.
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Figure 2.2 (a) XRD patterns of pristine FesO4 NPs and Fe3O4/rGO nanocomposite (b)
Raman spectra of rGO and Fe;O0,/rGO nanocomposite (inset: vibration modes of
Fe3O4 present in Fez04/rGO) (c) Nitrogen adsorption-desorption isotherms and (d)
pore size distributions of pristine Fe3O4 NPs and Fe3O4/rGO nanocomposite
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Elemental composition of graphene oxide and rGO obtained from CHN
elemental analysis is shown in Table Al1.1 (Appendix A). The contents of C and O in
graphene oxide were revealed as 41.5 and 55.3 wt%, respectively. Similarly, contents
of C and O in rGO were 89.0 and 8.5 wt%, respectively. Thus, elemental analysis
results confirmed the effective reduction of graphene oxide using hydrazine to form
rGO (as indicated by a drastic reduction in oxygen content).

The synthesized materials were investigated with the Raman spectroscopy
technique to characterize the structural features as it is a well-versed technique for
characterizing carbon materials and composites. The Raman spectra of rGO and
Fe304/rGO in Figure 2.2b show two prominent peaks at ~1351 for D-band and ~1602
cm* for G-band, respectively.'” The ratio of intensity (Ip/lg) of these two bands
provides information about the degree of the disordered (sp® hybridized) to the
ordered (sp? hybridized) carbon domains. The Ip/lg ratio for rGO increased to 1.12
from 0.87 for GO (Figure Al1.2, Appendix 1), which is due to the introduction of
defects in the lattice of GO during the reduction process using hydrazine. In the case
of Fe304/rGO nanocomposite, the Ip/lg ratio was ~ 1.13. This minimal increase in the
In/lg value could be due to the growth of Fe3O4 in the rGO surface. Existing literature
suggests the defect sites in the rGO surface could play a pivotal role in the nucleation
of Fe3O4 nanoparticles by hindering their agglomeration of crystallites during
formation.’® The inset in Figure 2.1b shows two more peaks at 319 and 668 cm™* for
Fe304/rGO composite along with the presence of G and D bands of rGO. The
presence of Eq (319 cm™) and A, (668 cm™) vibration modes in FesO, further
confirmed the growth of magnetite on rGO.*

The specific surface area of electrode materials is a major characteristic that

influences their electrochemical performance. The N, adsorption-desorption isotherms

TH-2919_166151010 67



CHAPTER 2

of Fe304/rGO composite and pristine Fe;O, are represented in Figure 2.2c. The
isotherm for Fe;O,4 was observed to be type 1l and BET surface area was found to be
~ 105 m? g™ with a pore volume of 0.27 cm® g*. As per IUPAC classification, an H3
type hysteresis loop was observed for the magnetite sample, which could be due to the
presence of slit-type pores in the aggregates of magnetite particles. Type Il isotherms
were observed for Fe3O4/rGO nanocomposite, with a high BET specific surface area
of ~ 332 m? g™ and pore volume of 0.27 cm® g™*. The H2 type of hysteresis was
observed for the composite, which can be attributed to the complex mesoporous
structure of the rGO in the composite. The pore size distribution of the synthesized
materials was obtained using the Barrett—Joyner—Halenda (BJH) model from the
desorption isotherms (Figure 2.2d). The average pore diameter for the Fe;O, and
Fe304/rGO nanocomposite was found to be 9.2 and 4.3 nm, respectively. The N,
adsorption-desorption isotherms of rGO (Figure Al1.3, Appendix 1) were identified
to be type IV isotherms with H2 type of hysteresis loop. The BJH pore size
distribution (inset of Figure A1.3, Appendix 1) plot revealed that the majority of the
pore volume of rGO is contributed by pores in the range of 3-4 nm size. The BET
surface area, total pore volume, and average pore diameter of the rGO were obtained
to be 555.20 m® g, 0.47 cm® g*, and 3.57 nm respectively. Therefore, the narrow
pore size distribution of the Fe3O4/rGO nanocomposite is due to the introduction of
rGO, which drastically increased the number of mesopores in the composite thereby
increasing the surface area. It is well reported that electrode materials with pore size
distribution within 2-5 nm have demonstrated higher capacitive performance. Such
kind of mesoporous structures can easily facilitate pathways for electrolyte ions to
reach the core of the material during the charge storage process improving

supercapacitor performance.®*® Therefore, during the electrochemical reaction; the
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high surface area of the synthesized Fe3O4/rGO nanocomposite could offer abundant
active sites for the electrolytes. Also, the high pore volume resulting from mesopores
of the composite could facilitate easy access for the electrolyte ions resulting in
improved electrochemical performance.?’

The high surface area (332 m? g*) of the nanocomposite is attributed to
uniform unfolding of graphene nanosheets under intense microconvection generated
by sonication. The magnitude of this convection in time and spatial scale can be
determined as follows: using calorimetric technique,? the acoustic pressure amplitude
in the ultrasound bath was determined as 1.5 bar (or 150 kPa). The microstreaming

velocity (i.e. the oscillatory velocity of the fluid elements induced by ultrasound

wave) is given as: u = Ly , Where P = acoustic pressure amplitude, p = density of the
pC

medium, ¢ = sonic velocity through the medium. Substituting the relevant values in
context of present study: Pa = 150 kPa, p = 1000 kg m™®, ¢ = 1481 m s™ gives u =
0.101 m s, which is typically equivalent to mechanical agitation of ~ 100 rpm. The
amplitude of oscillation of the fluid elements (a) is determined as: u=2zfa.
Substituting u = 0.101 m s, f = 37 kHz yields a = 0.43 um. So intense convection on
such a small spatial scale is highly effective in unfolding the graphene nanosheets.
Moreover, such microconvection is also useful in inducing uniform nucleation of
Fe;O, particles on the surface of graphene sheets.

The TEM images were used to investigate the morphology of Fe;O4 NPs and
Fe304/rGO nanocomposites, as seen in Figures 2.3a-c. The morphologies of Fe3O4
particles in Figure 2.3a reveals that irregular spherical particles of Fe;O, (size: 20-30
nm) were formed. The bare rGO sheets and distribution of Fe3O, in the rGO sheets

could be seen in the TEM image of the Fe3O4/rGO composite in Figure 3b, c.
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Figure 2.3 TEM image of (a) FesO, NPs (b) rGO sheets (c) FezO4/rGO
nanocomposite (d) FESEM image of Fe304/rGO nanocomposite

The FESEM image of the nanocomposite in Figure 2.3d shows numerous Fe3O,
particles distributed on the rGO surface supporting the formation of the Fe3;0,/rGO
composite. The selected area diffraction (SAED) pattern Fe3O4/rGO composite as
shown in Figure 4a infers the polycrystalline nature of the composite. The planes of
Fe30q4, viz. (220),(311),(400),(422),(511), and (4 4 0), were identified in the
SAED pattern of the composite, which could be correlated to the obtained XRD
results. The high-resolution TEM images (HR-TEM) of the Fe304/rGO
nanocomposite (Figure 2.4b) shows the fringe spacing ~ 0.296 and ~0.253 nm, which
corresponds to two planes of Fe3O4 i.e. (2 2 0) and (3 1 1), respectively. The

elemental mapping of the Fe3O4/rGO composite in Figure 2.4c in the selected area
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confirmed the presence of C, Fe, and O elements in the composite. The EDS (Figure
Al.4, Appendix 1) study of the composite also further confirmed the presence of C,

Fe, and O in the composite.
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Figure 2.4 (a) SAED pattern (d) HRTEM and (e) elemental mapping of Fe;0,/rGO

nanocomposite (carbon in red, iron in green, and oxygen in blue)

100 601 ——Fe,0,

80 i 'Tg) 30 ........ Fe304er0
e ] £ 7
X 60+ 2
£ S 0
S il 3=
g 40 g
= 1 © -30-

710 5 R rGO 1 >

04 —Fe,0,/rGO L T = -604

0 200 400 600 800 -15000 -7500 0 7500 15000
Temperature (°C) Magnetic Field (Oe)
(a) (b)
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The TGA was used to study the thermal stability and the mass loading of
Fes04 in the Fe3O4/rGO composite. Figure 2.5a shows the TG curves of rGO and
Fe304/rGO nanocomposite in the oxidative environment (air). The first stage of
weight loss for rGO was witnessed in the temperature range of 30 — 350 °C with a
minor reduction of ~ 7.5 wt%, which could be attributed to the vaporization of
moisture in solids, and decomposition of residual functional groups in rGO. In the
second stage, i.e. 350 — 680 °C, sharp weight loss of ~91.3 wt% was seen, which
could be attributed to the decomposition of the carbon frame of rGO to CO,.%® The
Fe304/rGO composite also shows weight loss in two stages, viz. 30 — 350 °C (~6.2
wt%) and 350 — 680 °C (~34.7 wt%), respectively. The first stage of weight loss in
the Fe304/rGO nanocomposite is possibly due to the combination of moisture removal
and oxidation of Fe;0,4 to Fe,05 in the 200 — 300 °C temperature range.?” The second
stage of weight loss from 350 to 680 °C could be ascribed to the oxidation of rGO
into CO,. After 680 °C, the Fe304/rGO composite does not show any significant
weight loss. Several studies have reported the complete phase transition of Fe;O4 to
Fe,O3 in oxidative thermal degradation.”® Therefore, without considering any phase
transformation the mass loading of Fe3O4 in the composite was found to be ~59 wt. %
from the TG curves.”®

The magnetic behaviour of the Fe;O, particles and that of the FezO4/rGO
composite was characterized using a vibrating sample magnetometer and the magnetic
field was varied in the range of -15000 to 15000 Oe. The hysteresis loops (M-H
curves) of both pristine Fe3O, and the Fe;O4/rGO nanocomposite indicated
ferromagnetic behaviour (Figure 2.5b).2* The saturation magnetization (Ms) values of
56.44 and 46.48 emu g™ were obtained for Fe;0, and FesO4/rGO, respectively (Table

Al.3, Appendix 1). The lesser value of magnetization for the Fe3O4/rGO composite is
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due to the reduced magnetite content (59 wt%) in the composite as compared to
pristine magnetite (100 wt%) particles. Earlier studies have reported the application of
an external magnetic field in Fe3O, and composite increased its electrochemical
performance.®? Therefore, the high value of magnetization reported in this study is
expected to improve the electrochemical performance of SC devices fabricated from
as-synthesized materials in presence of an external magnetic field. Moreover, the high

magnetization value enables easy collection of the composite using an external

magnet.
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Figure 2.6 CV curves of (a) Fe304/rGO, (b) Fe304 ASSCs at different scan rates, ()
CV curves of ASSCs at 10 mV s, and (d) specific capacitance as a function of scan

rate.

TH-2919_166151010 73



CHAPTER 2

2.3.2 Electrochemical Performance

To investigate the capacitive performance of the synthesized nanomaterials,
ASSCs were fabricated as described in section 2.2.6 and Figure 2.1. The CV curves
of Fes04/rGO ASSC at different scan rates (viz. 5, 10, 15, 20, and 50 mV s™) are
shown in Figure 2.6a. The CV curves of Fe304/rGO ASSC (in the voltage window of
0-0.6 V) were quasi—rectangular lacking any redox peaks and indicated good
capacitive behavior.”® The quasi—rectangular, symmetric CV curves of Fe;04/rGO
ASSC indicated the presence of both EDLC and pseudocapacitive behaviour with
EDLC being the more dominant one.?” The rGO present in the composite mostly
contributed to EDLC behaviour demonstrated by the Fe;O4/rGO ASSC. The increase
in voltage scan rate induced deviation in CV curves from their near rectangular shape,
which could be attributed to increased electrochemical polarization.? It was observed
that the deviation of CV curve at a higher scan rate (50 mV s™) was very less in the
case of Fes04/rGO ASSC, which is conceivably due to the lesser degree of
polarization, fast and reversible charge-discharge at a constant rate. But the CV curves
of Fe3O4 ASSC at higher scan rates (Figure 2.6b) deviated more from the rectangular
shape and showed a stronger degree of polarization. The CV curves of the rGO ASSC
at different voltage scan rates are shown in Figure Al.5a (Appendix 1). The quasi-
rectangular shape of these CV curves indicated EDLC behaviour of the rGO. The
Fe;04/rGO ASSC demonstrated a high value of specific capacitance ~ 178.4 F gt at5
mV s, whereas the Fe;04 ASSC exhibited a specific capacitance of 86.6 F g * at the
same scan rate. Figure 2.6¢ shows the CV curves of both Fe;04/rGO and Fe;O,
ASSCs at the scan rate of 10 mV s™*. It was observed that the area under the CV curve
of Fes04/rGO ASSC is more than the area of Fes04 ASSC. This result indicated better

capacitive behaviour of Fe3O4/rGO ASSCs, as the average value of the area under the
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CV curves is directly related to capacitance value. The larger area under the CV
curves is indicative of a greater amount of charge stored in SC devices. The high
capacitance value of the Fe;04/rGO ASSCs is essentially due to the high specific
surface area reported for composite, and the high conductivity of rGO in the
composite.” When the voltage scan rate was increased gradual decrease in the
specific capacitance values was observed for both the ASSCs (Figure 2.6d). The
specific capacitance values of Fe;04/rGO and Fe;O4 SC at 50 mV s are 123.63 (69.3
% retention) and 39.92 (46.1 % retention) F g . In addition, the specific capacitances
of rGO ASSC were 96.35, and 75.66 F g™ at scan rates of 5 and 50 mV s
respectively (Figure Al.5b, Appendix 1).The decrease in capacitance value with
increasing scan rate is a common phenomenon caused by insufficient time for
electrolyte ion diffusion and charge storage is limited to the outer surface area only.*
A similar kind of trend in specific capacitance values was also observed in our study.
The electrochemical performances of the ASSCs were also investigated by
galvanostatic charge-discharge under different current densities. Figure 2.7a-b shows
the symmetric GCD curves and the linearity of the curves indicates the good
capacitive performance of the fabricated SCs.** The very low iR drop present in the
GCD curves indicated the low internal resistance present in the Fe3O04/rGO
supercapacitor device.*? The gravimetric capacitance values of the ASSCs at different
current densities were calculated from the discharge curves. At a current density of 1
A g, the capacitance of the Fes04/rGO and Fe;04 ASSCs were found to be 169.2
and 79.8 F g%, respectively. The specific capacitance of Fe304/rGO ASSC decreased
as 147.5, 132.25, 118.6, and 109.25 F g™ (Figure 2.7c) corresponding to increased
current density viz. 2, 3, 4, and 5 A g, respectively. This decrease in specific

capacitance values was visible from the decrease in the discharge time of GCD
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curves. This decrease in specific capacitance at higher current density could be

ascribed to the limited movement of electrolyte ions into the inner side of the active

material.** A similar decreasing capacitance trend was also observed in the case of
FesO4 ASSC.
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Figure 2.7 (a) Galvanostatic charge-discharge curves of (a) Fe304/rGO, (b) Fe3O4
ASSCs at different current densities, (c) specific capacitance vs. current density, and
(d) cyclic performance of ASSCs

Furthermore, the near-linear and symmetric charge-discharge curves of the rGO
ASSC (Figure Al.5c, Appendix 1) suggest fast charge storage characteristics with
EDLC behaviour. This behaviour could be attributed to the high surface area and

mesoporous structure of rGO. The capacitance of the rGO ASSC was calculated to be
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92.80 F g™ at a current density of 1 A g™, which reduces to 7285 F g* at 5 A g*
(Figure Al1.5d, Appendix 1).

The specific capacitance values of Fe3O4/rGO ASSC were considerably higher
than that of both Fe;0, ASSC and rGO ASSC in all the current densities,
demonstrating superior electrochemical performance. This observation further
indicates the synergistic effect of rGO present in the nanocomposite owing to the high
conductivity and surface area of rGO, which lowers the charge transfer resistance.™
The capacitive performance demonstrated by the Fe;O4/rGO ASSC is highly
competitive with the symmetric solid-state supercapacitor devices reported in
previous literature (Table Al.4, Appendix 1). The gravimetric capacitance of the
synthesized Fe3O4/rGO nanocomposite was also estimated and found to superior to
those of other iron oxide carbon-based materials (Table A1.5, Appendix 1).

Figure 2.7d depicts the variation in measured capacitance values over 6000
cycles for both Fes04/rGO and Fe;0, ASSCs (at 5 A g ). The specific capacitance
values of both the devices decrease with the increase in the number of charge-
discharge cycles. The Fe;0,/rGO ASSC retained 84.5% of its initial capacitance
whereas the Fe3O4 ASSC retained 67.2% of its capacitance at the end of 6000 charge-
discharge cycles. The rGO ASSC device demonstrated high electrochemical stability
and retained 96.4 % of its initial capacitance after 6000 charge-discharge cycles
(Figure Al.6a, Appendix 1). These obtained results indicated the superior
electrochemical stability of the Fe;0,/rGO ASSC due to the addition of rGO. This
result is similar to the existing literature, which reports that incorporation of carbon-
based materials into pseudocapacitive materials as composite increases the cycle life

of the latter.>*
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Figure 2.8 (a) Ragone plot and (b) Nyquist plot of Fe;04 and Fe304/rGO ASSCs

The Ragone plot of energy versus power densities under different current
densities of fabricated supercapacitor devices is shown in Figure 2.8a. The
Fe304/rGO ASSC demonstrated relatively higher values of energy density of 8.46 W
h kg™ at a power density of ~338 W kg, and this value of energy density is about
2.12x the value of energy density demonstrated by the FesO, ASSC. At a power
density of 1636.36 W kg * the Fe;04/rGO ASSC exhibits an energy density of 5.46 W
h kg*. The high values of energy and power densities of the Fes04/rGO ASSC are
possibly due to enhanced conductivity and the high surface area of the Fe304/rGO
nanocomposite which provides more channels for the electrolyte to access and
enables faster charge transfer.

The EIS data of the SC devices were studied in the frequency range of 0.1 -
10° Hz using a 10 mV s signal. Figure 2.8b represents the Nyquist plot of the
ASSCs and the equivalent circuit is shown in Figure Al.7 (Appendix 1). The
impedance data for supercapacitors represent a semi-circular arc in the higher
frequency region whereas in the low-frequency region a straight line was obtained.

The Z' intercept represents the series resistance (Rs), i.e. the combination of resistance
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originating from electrolyte and contact resistance of current collector and electrode
material.***® The semi-circular arc of the Nyquist plot originated from the transfer of
charge at the interface (electrolyte-electrode) and was used to evaluate the charge
transfer resistance (Rc) using an equivalent circuit.®” The obtained values of Ry and
Rt for Fe304/rGO ASSC are 0.51 and 6.25 Q, respectively, while the corresponding
values for Fe3sO, ASSC are 0.57 and 32.8 Q. The Nyquist plot of the rGO ASSC is
also shown in Figure Al.6b (Appendix 1) and the values of Rs and R¢; were found to
be 0.47 and 5.1 Q. The rGO sheets in the Fe30,/rGO nanocomposite act as conductive
support to facilitate the charge transportation on the well-distributed Fe3O4
nanoparticles and significantly improve the ion mobility. EIS of the SC devices was
also performed after the cycle stability test (i.e. after 6000 charge-discharge cycles).
The R value for the Fe304/rGO ASSC increased slightly to 8.5 Q whereas the Rt
value for Fe3O,4 ASSC increased to 45.8 Q after the cycling test. Additionally, the R;
value for both the ASSCs after cycling was found to be almost equal (~ 0.60 Q).
These results revealed the enhanced conductivity of the Fe3O4/rGO as compared to
Fes0,.

Trasatti and Lee developed a neat method to separate the capacitive elements
from the insertion process (diffusion-controlled).®”*® This method demonstrates that
by plotting capacity as an appropriate function of the scan rate, the capacitive
contributions can be separated. It is well-known that the capacitance values decrease
when the voltage scan rate increases and the same is also evident in the current study.
The capacitance values are plotted as a function of A2 and A" and the C, values are
extrapolated to A = 0 and A = infinity. If sufficient time is allowed for all the reactions
to take place, the Cg, value at A = 0 will give the value of the total capacitance (Cy),

and the Cg, value at infinite scan rate is the charge stored at the surface (Cs,). The
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difference (C; — Cy) of total capacitance to the surface capacitance provides the
capacitance resulting from the insertion processes (C;). The contributions of surface
charges were obtained by plotting Cs versus A “? for both Fe;04/rGO and Fe;0,

ASSCs. To obtain a linear fit, a semi-infinite linear diffusion was assumed.*®
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Figure 2.9 (a) Cs as a function of A (b) 1/Cs as a function of A% and (c)
capacitance contribution from insertion and surface charges for ASSCs

It was seen from Figure 2.9a,b that the straight line could be properly fitted at low
scan rates (< 10 mV s ), while the linearity deviates at higher scan rates owing to
ohmic drops and irreversible redox reactions.®® The value of Cs, was obtained from
the intercept of the line at A > = 0 (shown by the hatched area in Figure 2.9c).

Moreover, 1/Cs versus A2 were plotted and the maximum capacitance was obtained
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by the extrapolation of the fitted line at A2 = 0. The C; values were calculated and
represented by the white area in the bar graph. The results of the Trasatti and Lee
method infer that the capacitance of Fe304/rGO ASSC is mostly contributed by
surface charges while the capacitance of Fe3O, ASSC is contributed by the charge
stored via insertion process. This could be a possible reason for the high rate
capability of the Fe;0,/rGO ASSC as the major contribution of its capacitance comes
from surface charges which is a faster process as compared to diffusion-controlled
insertion process.

Like other metal oxide electrodes, the electrochemical performance of
magnetite electrodes is also influenced by particle size, surface area, particle
distribution, etc. When synthesized at nanoscale the conductivity of Fe;O, increases
due to reduced average solid-state diffusion length.! But the major difficulty is in the
synthesis procedure as the magnetic FesO, nanoparticles particles tend to aggregate
thereby reducing the surface area. The sonication of reaction mixture employed in the
present study generates intense microconvection in the system through physical
phenomena of microstreaming and acoustic waves. Two important manifestations of
this microconvection are: exfoliation and unfolding of the graphene nanosheets and
uniform nucleation of Fe3O, nanoparticles on the nanosheets. The microconvection
also reduces agglomeration of the Fe;O4 nanoparticles with improved spatial
distribution of Fe;04 on rGO. These effects in the synthetic procedure have resulted in
the high surface area of nanocomposite which in turn is responsible for the improved

capacitive performance of the Fe;04/rGO ASSC.

Comparison with nanocomposites synthesized without ultrasound: In order to assess
the beneficial effect of sonication, the Fe;O4/rGO samples were also synthesized

without application of ultrasound, and the characterization of the sample is given in

TH-2919_166151010 81



CHAPTER 2

Appendix 1. The major changes in properties of the Fe;04/rGO samples were as
follows:

(1)  The BET surface area Fe;0,/rGO samples synthesized without ultrasound was
227.18 m® g™ (Table A1.2 and Figure A1.9, Appendix 1), as against surface
area of 332.34 m? g for the Fe30,4/rGO samples synthesized with ultrasound.
As a consequence, these samples were expected to demonstrate relatively
inferior electrochemical performance due to the reduction in electroactive sites
available for electrolytes.

(i) Moreover, the area under the CV curve (Figure Al.10a, Appendix 1) of the
ASSC fabricated with Fe3O,/rGO without ultrasound was relatively much
smaller. The capacitance of the Fe3O4/rGO (synthesized without ultrasound)
ASSC at 10 mV s was 129.82 F g™* which was 22.5 % lesser than FezO4/rGO
(synthesized with ultrasound) ASSC.

(iii) A similar observation can also be made from the GCD curves (Figure A1.10b,
Appendix 1) of the Fe30./rGO (synthesized without ultrasound) ASSC, which
demonstrated a specific capacitance of 139.75 F g at 1 A g™* which was 17.4

% lesser than the Fe;04/rGO (synthesized with ultrasound) ASSC.

2.4 CONCLUSIONS

In summary, high surface area Fe3O, decorated rGO nanocomposites were
synthesized wusing an ultrasound-assisted low-temperature protocol. FezO4
nanoparticles were uniformly grown on the surface of highly porous rGO that
facilitated faster charge transfer in the electrode. The solid-state symmetric
supercapacitor fabricated using the Fe3O4/rGO nanocomposite demonstrated excellent

electrochemical properties (specific capacitance of 169.2 F g* at 1 A g*) and high
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stability. FesO4/rGO device retained 64.6 % of its capacitance at 5 A g™ current
density. The Fe;04/rGO ASSC device exhibited a power density of ~338 W kg™ at an
energy density of 8.46 W h kg™. Moreover, the Fes04/rGO ASSC showed ~84.5%
capacitance retention after 6000 cycles at a high current density of 5 A g*. The
capacitance of Fe3O4/rGO device was mostly contributed by the surface charges.
These effects are attributed to the high surface area of the nanocomposites resulted
from the application of sonication. The superior performance of the Fe304/rGO
nanocomposite could be attributed to the exfoliation and nucleation induced by
intense microconvection generated by sonication, and the synergism achieved through
large specific capacitance and energy density of Fe;O, and high surface area and

conductivity of rGO.
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CHAPTER 3

Ultrasound-Assisted One-Pot Synthesis of Ternary
MWCNT/MnO:2/rGO Nanocomposite for
Supercapacitors with Commercial-Level

Mass Loadings
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ULTRASOUND-ASSISTED ONE-POT SYNTHESIS OF TERNARY
MWCNT/MnO,/rGO NANOCOMPOSITE FOR
SUPERCAPACITORS WITH

COMMERCIAL-LEVEL MASS LOADINGS

3.1 INTRODUCTION

Manganese dioxide (MnO,) is a pseudocapacitive material that has shown
great promise due to its wide working potential (especially in neutral aqueous
electrolytes), high theoretical capacitance, low production cost, and eco—friendly
merits.> However, the low electrical conductivity of MnO, (10° — 10° S cm™)
hinders its charge transfer dynamics of MnO,. As a result, specific capacitances
reported in the literature for pristine MnO, (200 — 400 F g*) electrodes are far less

compared to its theoretical limit (1380 F g %).1?

Therefore, nanocomposites of MnO,
with various conductive materials viz. MnO,/activated carbon,®* MnO,/graphene,>®
MnO,/conducting polymers,” MnO,/CNT®® have been extensively explored in the
literature to obtain enhanced electrochemical properties. In this context,
nanocomposites of graphene/CNTs and MnO; have proven their effectiveness to
overcome the difficulties of poor electrical conductivity, cycle stability of pristine
MnO,, and the low energy density of carbon components via synergistic effects.

The binary nanocomposites MnO, with graphene or CNTs for SC applications
have been well reported in the existing literature.®*®'” On the other hand, literature on
SCs based on ternary nanocomposites of graphene, CNTs, and MnO, are relatively

12,18-21

small. The previous literature on ternary composites showed superior
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electrochemical performance as compared to binary nanocomposite as SC electrodes.

Lei et al.’8

synthesized a ternary nanocomposite by intercalating graphene sheets via
MnO,-CNTs functionalized with poly(diallyldimethylammonium chloride) via a
multistep process and demonstrated enhanced capacitive properties. Cheng et al. used
a sonochemical approach to prepare rGO/MnO, composite and later added
functionalized few-walled CNTs (fFWNTSs) to fabricate graphene/MnO,/fFWNTs
films through a vacuum filtration method." Jin et al. electrodeposited MnO, on a
CNT buckypaper paper, and then soaked as-prepared MnO,/CNT paper on graphene
dispersion for adsorption of rGO on its surface.’* In another study, Zhu et al.
synthesized 3D CNT—graphene—Ni hybrids through a two-step chemical vapor
deposition (CVD) process and later used poly ethylene glycol (PEG) based reduction
of KMnOj, to obtain 3D MnO,-CNT—graphene—Ni hybrids.?’ Similarly, Jiang et al.
first synthesized rGO/CNTs-Ni composite via an annealing and CVD based process
followed by a hydrothermal method to deposit MnO, on the surface of rGO/CNTs-
Ni.?! The synthesis methods presented in these previous studies were either multi-step
or often involve complex procedures and high temperatures. Therefore, a simple and
fast synthesis process for the ternary composites is very essential. Furthermore,
previous studies have shown that the undesired restacking of graphene layers due to
their m—m interaction and van der Waals forces leads to a substantial reduction in the
active surface area of graphene-based electrodes, which significantly reduces the
performance.?? Interestingly, addition of various nanomaterials, viz. as 1-D CNTSs,
metal oxide nanoparticles) in the graphene framework could work as spacers to
prevent the restacking of graphene sheets and consequently improved capacitive

performance can be obtained.?*?*
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Although MnOy/carbon—based nanocomposites reported in the literature have
demonstrated remarkable enhancement in capacitive performance, most of these
studies were performed at very low electrode mass loadings (~ 1 — 2 mg cm2). In low
mass loading electrodes, the actual amount of energy stored is very low, thereby
limiting their practical application in energy storage devices.”> Usually, for
practical/commercial applications the mass loading of the electrodes should be ~10
mg cm 22 A substantial reduction in the capacitance and energy density is
observed for the commercial level electrode mass loading, particularly at high current
densities. This is a collective consequence of blocked ion transportation pathways,
poor electrolyte accessibility, poor wetting of electrodes, increased electrical
resistance, and ultra—long ion transport channels.”®?° Therefore, achieving high
energy density simultaneously with high power density is a challenge in the
fabrication of SC electrodes with commercial level mass loadings.

Herein, we have reported a “one-pot” ultrasound-assisted synthesis of MnO,
decorated rGO/MWCNT based ternary nanocomposite for SCs. The ternary
MWCNT/MnO,/rGO (MnGC) nanocomposite possessed a mesoporous structure with
abundant ion diffusion channels together with a high electrochemically active surface
area. When SCs were assembled using MnGC as electrodes, the device exhibited a
high cell voltage of 1.5 V in a 1 M Na,SO, electrolyte. Moreover, the device
demonstrated high gravimetric capacitance and energy density along with excellent
cycle stability (no loss of capacitance after 5000 cycles). It is noteworthy that the high
supercapacitive performances of the devices were obtained at commercial-level
electrode mass loadings (~12 mg cm ™). The capacitance and energy density of the
ternary MnGC based SC was substantially higher than those of the SCs with binary

MnC (MnO,/MWCNTSs) and MnG (MnO,/rGO) composites synthesized by us.
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3.2 EXPERIMENTAL SECTION

3.2.1 Materials

Manganese (Il) sulphate monohydrate (MnSO,4-H,0O), potassium permanganate
(KMnOy), were acquired from Himedia Ltd. (India). Nitric acid (HNOs3, 70%) was
purchased from Merck (India). Multi-walled carbon nanotubes (outer diameter: 5-20
nm; inner diameter: 2-6 nm; length: 1-10 pum) were obtained from Reinste Nano
Ventures Ltd. (India). Carbon black (Super P® Conductive) was obtained from Alfa-
Aesar (USA). Polytetrafluoroethylene (PTFE, 60 wt% dispersion in H;O) was

procured from Sigma Aldrich (India). Ultrapure water was used for all experiments.

3.2.2 Synthesis of Ternary MWCNT/MnO,/rGO Nanocomposite

Reduced graphene oxide (rGO) was synthesized as described in Chapter 2.
The multi-walled carbon nanotubes (MWCNTS) were purified and functionalized
with nitric acid to improve their dispersion (as described in Appendix 2).

The prepared rGO and MWCNTs were added to 200 mL ultrapure water
(rGO:MWCNTSs = 8:2 ratio) and vigorously sonicated (100 W, 37 kHz) for 30 min to
exfoliate the rGO and to obtain a homogeneous dispersion (3 mg mL™) of
rGO/MWCNTSs. Then, MnSQO4-H,O (3 mmol) was added to the above dispersion
under sonication. An aqueous solution of KMnO,4 (80 mL, 0.025 M) was added drop-
wise to the reaction mixture under continuous sonication. The reaction mixture was
further sonicated for another 30 min and then allowed to settle. The settled precipitate
was filtered, washed with excess water, and oven-dried at 70 °C to obtain the

MWCNT/MnO,/rGO (MnGC) nanocomposite.
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3.2.3 Synthesis of MnO,/MWCNT and MnO,/rGO Nanocomposites

Binary nanocomposites viz. MNO,/MWCNT (MnC) and MnO,/rGO (MnG),
were also synthesized using the same ultrasound-assisted method. In the case of the
binary composites, 3 mg mL™ dispersion of either MWCNTSs or rGO was first
prepared in 200 mL ultrapure water using sonication. Afterward, MnSO,4-H,O and
KMnQO, were added as described in the previous section. Finally, the precipitate was
separated, washed, and dried to obtain the binary nanocomposites.

Pristine MnO; was also synthesized without adding any carbon material in the
synthesis procedure. The method of the pristine MnO, synthesis is described in

section A2.2 in Appendix 2.

3.2.4 Characterization Techniques

The synthesized materials were characterized using XRD, Raman
spectroscopy, FESEM, TEM, EDS, and BET surface area analysis. The instruments

used in these analyses are the same as described in Chapter 2.

3.2.5 Electrochemical Measurements

The electrode slurry was prepared by homogeneously mixing electro-active
material (80 wt%), carbon black (10 wt%), and PTFE (10 wt%) in ethanol. The slurry
was then coated on stainless steel foil (current collector) and dried overnight at 80 °C.
Subsequently, disc electrodes (diameter 1.5 cm) were punched out after drying. The
active mass loadings of the electrodes were ~ 12 mg cm 2. Electrochemical tests were
performed in a two-electrode configuration using a split-type coin cell (MTI
Corporation, USA) assembly. Two-electrode symmetric cells were constructed with

two similar electrodes, a cellulose separator, and Na,SO,4 (300 puL) as the electrolyte.
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Electrochemical measurements, viz. CV, GCD, and EIS, were performed
using a M204 Potentiostat/Galvanostat (Metrohnm Autolab). The specific capacitance
of a single electrode (Cq, F g ') was calculated from the CV and GCD curves using
equations 1.7 and 1.8, respectively as described in section 1.4.1 in Chapter 1. The
energy density (E, W h kg?), and power density (P, W kg™) of the cells were
calculated from GCD curves using equations 1.9 and 1.10, respectively (described in

section 1.4.1 in Chapter 1).

¢ In situ growth of MnO,
i nanoparticles i

KMnO, : i
| 3MnSO, + 2 KMnO, +2 H,0 |
v |
rGO sheets GUUE L 5MnO, +K,SO, + 2 H,S0,
+ S — \ L e—
" Sl 3 ~— o .
Sonication _ Sonication AN z
0.5 hr A 1hr
(100 W, 37 kHz) (100 W, 37 kHz) MWCNT/MnO,/rGO
MWCNTs MnSO,+H,0

Figure 3.1 Schematic illustration of “one-pot” ultrasound-assisted synthesis of the
MWCNT/MnO,/rGO nanocomposite

3.3 RESULTS AND DISCUSSION

3.3.1 Materials Characterization

The MnO; nanoparticles were grown on the surface of MWCNTSs and rGO via
an ultrasound—assisted redox reaction. The growth of MnO, nanostructures on the
carbon substrates (viz. MWCNTSs and rGO) was achieved through the formation of
Mn** as a result of oxidation/reduction reaction between Mn?* and Mn"* ions.*® The
loadings of MnO; on the synthesized nanocomposites, i.e. MnC, MnG, and MnGC

nanocomposites were ~ 37 — 39 wt%. The MnO, content was calculated from the
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weight difference before and after the growth of MnO;, on the rGO/MWCNTS.
Moreover, we also calculated the MnO; content by dissolving the composite in 1 M
HCI solution followed by filtering and weighing the undissolved rGO/MWCNTS as
reported in the literature’® and obtained similar results. Figure 3.1 represents the
process of MnGC nanocomposite synthesis and the schematic illustration of the
experimental setup used for the synthesis is shown in Figure A2.1 (Appendix 2).

The X-ray diffraction patterns were recorded over the range of 26 = 10 — 70°
(at a scan rate of 5° min™) and shown in Figure 3.2a. MWCNTs exhibited a high—
intensity characteristic peak at 260 = 26° and a smaller peak at 26 = 43° conforming to
(00 2) and (1 0 0) graphitic carbon peaks, respectively. Similarly, the pristine reduced
graphene oxide also showed the (0 0 2) and (1 0 0) peaks at 20 = 24.8° and 43°. The
diffraction peak corresponding to (0 0 2) plane of the rGO was broader, whereas it
was sharper in the case of MWCNTS supporting the higher crystallinity of the carbon
nanotubes. The XRD patterns of binary nanocomposites, MnC and MnG prominently
showed the (0 0 2) peaks of both MWCNT and rGO, respectively. The MnGC
nanocomposite showed a combination of broader and an adjacent sharper peak
ascertaining the (0 0 2) planes of both rGO and MWCNT. The intensity of (0 0 2)
plane at 260 = 26° was reduced in the composites due to the growth of MnO, on the
surface of MWCNTs/rGO. Moreover, the intensity of the (1 0 0) plane was also low
in the nanocomposites. The presence of two small and broad peaks at 26 = 37° and
66.3° could be related to the (2 1 1) and (0 0 2) planes of MnO,, respectively. The
XRD patterns of the pristine MnO, (synthesized via the same method without any
carbon substrates) were also compared with the XRD patterns of the composite, and
two similar peaks were observed at 26 = 37° and 66.3° corresponding to (2 1 1) and (O

0 2) planes of poorly crystalline MnO,.*® Thus, the XRD results confirmed the
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existence of MnO; in the nanocomposite. The weak intensity of MnO; referred to its

poor crystallinity, which could be due to the small size of MnO, particles.

Additionally, amorphous manganese oxides are expected to have higher capacitance

than their crystalline counterparts due to shorter length of diffusion and high ionic

conductivity.’
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Figure 3.2 (a) XRD patterns of (i) MnO,, (ii) rGO, (iii) MWCNT, (iv) MnGC, (v)

MnC, (vi) MnG; (b) Raman spectra, (¢) nitrogen adsorption-desorption isotherms, and

(d) pore size distribution of MnC, MnG, and MnGC nanocomposites

The structural features and composition of the nanomaterials were further

characterized using the Raman spectroscopy technique. Raman spectra of MWCNTSs
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and rGO (Figure A2.2, Appendix 2) exhibited two distinct D and G bands. The G
band characterizes the vibrational mode of sp? hybridized carbon atoms whereas the D
band signifies defects present in the sp? carbon rings. The bands of MWCNTSs were
sharp and observed at 1350 (D band) and 1574 (G band) cm™, respectively. The rGO
exhibited relatively broader peaks at 1352 cm™ (D band) and 1598 cm™* (G band).
The intensity ratio of D and G bands (Ip/lg) corresponds to the degree of disorder
present in the carbon frameworks. The Ip/lg values for the MWCNTSs and rGO were
1.05 and 1.18, respectively; indicating the higher degree of structural defects present
in rGO, which were introduced during the hydrazine reduction process. The D and G
bands were present in the Raman spectra of all the nanocomposites and the Ip/lg
ratios were 1.09 (MnC), 1.19 (MnG), and 1.16 (MnGC), respectively (Figure 3.2b).
A prominent peak at ~ 640 cm ' was observed for all the nanocomposites, which
could be attributed to the Mn—0 vibration in MnO,. Whereas another weak peak at ~
338 cm! originating from O—Mn-O vibration mode is also observed in the Raman
spectra of MnG and MnGC.>®*! The presence of Mn-O, and O—Mn-O vibration
modes supported the XRD results, and thus, confirmed the presence of MnO; in the
nanocomposite.

The BET measurements were performed to find the specific surface area pore
size of the synthesized samples. Figure 3.2c shows the N, adsorption—desorption
isotherms of the nanocomposites. A surface area of ~ 434 m? g™* was obtained for
MnG, as compared to ~ 189 m? g! of MnC and ~ 313 m? g * of MnGC. The
adsorption—desorption isotherms of all three nanocomposites were observed to be type
IV isotherms with hysteresis loops due to capillary condensation in the mesopores
after monolayer—multilayer adsorption. The H1 type hysteresis loop observed for

MnC sample could be attributed to the presence of cylindrical pores with facile pore
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connectivity. The MnG sample showed an H2 type of hysteresis loop possibly due to
the presence of uniform channel-like networks of mesopores with narrow openings.
Interestingly, the hysteresis loop of the MnGC could be correlated to both H1 and H2
type hysteresis loops. The influence of H1 and H2 type loops is essentially due to the
presence of both cylindrical pores and narrow channel-like mesoporous channels. The
respective surface areas of MWCNTs and MnO, were ~ 252 and 175 m? g,
respectively. The surface area of pristine rGO was ~ 555 m? g * as reported in our
previous study.** Adsorption—desorption isotherms of MWCNTs and MnO, (Figures
A2.3a-b, Appendix 2) were found to be type IV isotherms with H1 and H2 type of
hysteresis loops, respectively. The H2 type hysteresis loop of MnO, indicated the
presence of narrow slit-like pores with irregularly shaped voids. The Barrett—Joyner—
Halenda (BJH) model was used to obtain the pore—size distributions (Figure 3.2.d
and Figures A2.3c-d, Appendix 2) of the synthesized nanomaterials. The
nanocomposites along with the pristine MWCNTs and MnO, demonstrated
mesoporous distribution in 2 — 18 nm range. The average pore diameters of the MnO»,
MWCNTs, MnC, MnG, and MnGC were found to be 4.40, 6.32, 7.42, 4.05, and 4.59
nm, respectively. The narrow pore size distribution of the samples is beneficial for
better transport of electrolyte ions. Several studies have revealed that mesopore
networks in the range of 2 — 5 nm could provide efficient pathways for easier ion
diffusion to the core of electrodes.®*3* Improved ion transport essentially augments
the capacitive performance of the electrode material. Moreover, the high pore
volumes of nanocomposites (Table A2.1, Appendix 2) could be expected to provide

abundant active sites for surface redox reactions and double—layer formation.
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Figure 3.3 FE-SEM images of (a-b) MnC, (c-d) MnG, and (e-f) MnGC nanocom-

posites in low and high resolution

The morphologies of the synthesized nanomaterials were studied using FE—
SEM and TEM images. The MWCNTSs had tubular structures with an outer diameter
of 5 — 30 nm and a smooth surface (Figures A2.4a-b, Appendix 2). Figures A2.4c-d
(Appendix 2) revealed the crumpled sheet—like morphology of synthesized rGO. The
FE-SEM and TEM images (Figures A2.4e-f, Appendix 2) indicate that the MnO,

nanoparticles were aggregates of grain—like structures, which apparently look like a
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spiked MnQO; sphere. These nanograins have varying diameters (10-30 nm) and

lengths varying from 60 nm to sometimes more than 100 nm.

Figure 3.4 TEM images of (a) MnC, (b) MnG, and (c) MnGC composites; elemental
mapping of (d) MnC, (e) MnG, and (f) MnGC nanocomposites (carbon in maroon,

manganese in green, and oxygen in blue).

The FE-SEM images of the nanocomposites (Figure 3.3) clearly show the presence
of MnQ; in the carbon substrates. The morphologies of the MnO; in the MnG were
similar to the pristine MnO, with densely aggregated grains on the rGO surface.

Whereas in the MnC composite the loosely aggregated grains of MnO, was observed
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on the surface of MWCNTs which could be due to the relatively lesser packing
density of the MWCNTSs as compared to rGO. In the MnGC nanocomposite, the
MnO, grains were efficiently grown on the surface of both rGO and MWCNTSs with
relatively lesser aggregation than MnG nanocomposite. The TEM images of the
nanocomposites (Figures 3.4a-c) show that MnO, particles were grown on the
external surface of the MWCNTs and rGO in the nanocomposites. The relatively
dense distribution of MnO; in MnG as compared to MnGC and MnC nanocomposites
was also evident from the TEM images, thus supporting the FE-SEM results. The
growth of MnO, on the carbon substrates (viz. MWCNTs and rGO) could form
hierarchal mesoporous networks. As a result, the electroactive surface area available
for electrolyte ions would increase and facilitate EDL formation and surface redox
reactions. The elemental mappings (Figures 3.4d-f) and EDX spectra (Figures
A2.5a-c, Appendix 2) of the MnGC, MnC, and MnG nanocomposites also confirmed

the presence of Mn, C, and O elements in the nanocomposites.

3.3.2 Electrochemical Performance

To study the electrochemical performance of the nanocomposites, symmetric
SCs were fabricated using two identical electrodes, a cellulose separator soaked in 1
M Na,SO, electrolyte (cell assembly is shown in Figure 3.5). The mass loading of
each electrode was ~ 12 mg cm™. In symmetric SCs, the charge stored in the positive
and the negative electrodes are similar, and therefore, the potential window of the
device is limited by the dissociation of the electrolyte. Typically, the potential
window of common acidic and basic aqueous electrolytes is limited to 1 V due to O,
and H; gas evolution from the electrolysis of water. Conversely, in neutral aqueous
electrolytes such as Na,SQ,, higher working potentials could be achieved as the low

concentration of H" and OH™ ions delays the gas evolution reactions.** In our study,
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we were able to achieve a wide potential window of 1.5 V in 1 M Na,SO, for the
symmetric SCs (Figure A2.6, Appendix 2). This potential window is relatively wider

as compared to other similar studies in the existing literature (Tables A2.2-2.3,

Appendix 2).
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Figure 3.5 Schematic of the two-electrode symmetric SC cell and the split-type cell

assembly

The assembled SC cells were subjected to cyclic voltammetry (CV) tests at
scan rates of 5 — 50 mV s *. The CV curves of the pristine MWCNTSs, rGO, MnC,
MnG, and MnGC at a scan rate of 10 mV s * are shown in Figure 3.6a. It can be
observed that the CV curves of the nanocomposites are quasi—rectangular, indicating
superior capacitive behavior of the nanocomposites.®” There is a presence of very
weak redox peak in the CV curves, which could be attributed to the oxygen—
containing groups present in the MWCNTSs and rGO. The CV curves of the MnC,
MnG, and MnGC nanocomposites did not show much distortion and maintained a

fairly rectangular shape even at higher scan rates (Figures 3.6b-d). These results
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indicate that the nanocomposite electrodes possessed superior charge storage behavior

with quick time response.*®
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Moreover, CV curves of MWCNT and rGO indicated redox behavior together with
double layer charge storage, which could be attributed to the presence of surface
oxygen—containing groups in the samples (Figures A2.7a and A2.7c, Appendix 2).
CV curves of MWCNT and rGO show negligible polarization at higher scan rates,
which suggests reversible and efficient charge transfer. The larger area under the CV
curves of the MnGC, MnC, and MnG, as compared to pristine rGO and MWCNT,
indicated the increase in capacitance of nanocomposites due to the addition of MnO..
These results indicated that the capacitance of the MnGC, MnC, and MnG electrodes
was a combined contribution of double-layer capacitance of carbon components
(MWCNTSs and rGO) and pseudocapacitance from the MnO, and surface oxygen
groups present in the carbon components. The charge storage of MnO, could take
place via either rapid adsorption of electrolyte cations (Na*) on the surface (surface
faradaic reaction) of the MnO, or intercalation/deintercalation of cations in the bulk

MnO; (bulk faradaic reaction).***°

(Mn0O,) +Na" +e «—(MnOONa)

surface

surface (R 3. 1)

MnO,+ Na® + e «——MnOONa (R3.2)

The gravimetric capacitances of the electrodes at different scan rates were
calculated and are presented in Figure 3.6e. The MnGC nanocomposite electrodes
demonstrated a high gravimetric capacitance of 314.6 F g - at 5mV s *, and this value
is 1.34x and 1.22x higher than the capacitance of the MnC (235.1 F g %) and MnG
(258.2 F g') electrodes. Additionally, the capacitances of rGO and MWCNTs
electrodes at 5 mV s * were calculated as 138.9 and 110.5 F g*, respectively.
Notably, the specific capacitance obtained for the synthesized MnGC nanocomposites
at commercial-level electrode mass loadings is superior to many earlier reports

(Tables A2.2 and A2.3, Appendix 2). Although some studies have reported
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astonishing capacitances for composites of graphene/CNTs with MnO,, electrode
mass loadings in these studies were very low (< 1 — 2 mg cm ?). Despite their
extraordinary capacitances, the low mass loading electrodes cannot be used in
commercial applications due to their poor actual capacity (as a result of the low ratio
of active materials to a full cell). When the mass loading of the electrodes is
increased, rapid fading of the capacitance is observed along with poor rate capability
as evident in most of the studies.’®?” As shown in Figure 3.6e, the capacitances of the
nanocomposite electrodes decreased at increased scan rates as the charge storage gets
limited to the outer surface only at higher scan rates. The MnGC nanocomposite
displayed a capacitance of 207 F g * at 50 mV s * and retained ~ 67 % of initial
capacitance. Conversely, the MnC and MnG electrodes were able to retain 57.8 and
54.1 % of their capacitance when the scan rate was increased to 50 mV s *. Although
the MnG electrodes exhibited superior capacitance as compared to MnC electrodes,
the rate performance of the MnC electrodes was slightly better than the MnG. The
relatively worse rate capability of MnG could be due to the dense aggregation of
MnO, nanostructures on the surface of crumpled rGO resulting in sluggish ion
transport dynamics. The relatively lower aggregation of MnO, on the MWCNTs
surface has helped the MnC electrodes to retain comparatively better capacitance.
Moreover, the superior rate capability of MnGC electrodes could be ascribed to the
synergistic effect resulting from simultaneous growth of MnO, on the surfaces of both
rGO and MWCNTs. The specific capacitances contributed by only MnO,
(pseudocapacitance) in the nanocomposite electrodes were also calculated.® As shown
in Figure 3.6f, the capacitance of MnO, in the MnGC electrodes was 610.5 F g * at 5
mV s %, which was much higher compared to the MnC (442.8 F g %) and MnG (444.9

F g electrodes at similar conditions. It is noteworthy that the MnGC electrodes
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exhibited superior capacitive response compared to MnG electrodes despite its
relatively lower specific surface than MnG nanocomposite. This excellent capacitance
of the MnGC could be ascribed to its unique microstructure that allowed maximum
electrochemical utilization of the MnO, nanostructures and the reduction in diffusion
length promoted faster charge transport. As a result, the MnO; nanostructures of
MnGC effectively participated in the charge storage/delivery process exhibiting high
pseudocapacitance, thereby enhancing the overall capacitance of the MnGC
electrodes.

The electrochemical performance of the nanocomposite electrodes was further
investigated by galvanostatic charge—discharge (GCD) at different current densities
ranging from 0.2 — 5 A g *. The SC electrodes could work up to the potential of 1.5 V
as observed in CV curves. The GCD curves of the SCs at 1 A g * are shown in Figure
3.7a. The symmetric and linear GCD curves indicated the good capacitive behavior of
the electrode materials.** Additionally, the absence of any voltage plateaus inferred
that there 1s no bulk redox reaction during the charge—discharge process. The GCD
curves of the SCs (Figures 3.7b-d and Figures A2.7b, d in appendix 2) at varying
current densities did not deviate from the symmetric and linear nature suggesting high
reversibility of the charge storage process. The IR drop values were calculated from
the GCD curves and found to be 0.09, 0.06, 0.09, 0.02, and 0.08 V for the MnC,
MnG, MnGC, rGO, and MWCNT SCs, respectively. The capacitances of the
electrodes were also evaluated from the GCD curves. At a current density of 0.2 A
g the capacitance of MnGC was calculated to be ~ 271.8 F g * which is 1.2x, 1.4x,
2.2x, 2.9x the capacitance of the MnG (226.2 F g %), MnC (193.5 F g %), rGO (124.7
F g%, and MWCNT (945 F g) electrodes, respectively. The decrease in

capacitance of the electrodes for higher current density is evident from the smaller
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charge—discharge time of the GCD curves. This decreased capacitance could be

ascribed to inadequate ion migration to the inner core of the electrodes and thereby

impeding the charge transfer process.*?
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Furthermore, the MnGC nanocomposites exhibited superior capacitance values as
compared to the MnG and MnC even at high current densities (Figure 3.7e). The
MnGC electrode retained a capacitance of 1946 F g (715%) at 5 A g
demonstrating the superior rate capability as compared to the MnG (61.4%) and MnC
(65.5%) electrodes. The unique structure of MnGC has efficient pore networks for
rapid charge transfer, which results in its superior capacitance retention at high
current densities.

The fabricated SCs were subjected to repetitive charge—discharge cycles at 5
A g to study the electrochemical stability of the electrode materials. As shown in
Figure 3.7f, there was no prominent degradation in the capacitance for the MnGC and
MnC SCs, demonstrating excellent electrochemical stability even after 5000 charge—
discharge cycles. The capacitance of the MnGC SC increased 103.4 % after 5000
cycles, as the electrode capacitance increased to 201.2 F g ' from 194.6 F g*. The
MnC SC demonstrated 104.5% of initial capacitance after charge—discharge tests.
Conversely, MnG SC was able to retain about 96.1% of its initial capacitance.
Plausibly the electrolyte ions could not utilize the maximum available electrochemical
area of the thicker (due to high mass loading) electrodes at the initial charge—
discharge cycles. When the SCs were cycled for a few hundred cycles, the electrolyte
ions were able to penetrate deeper into the pore structure as a result of the continuous
charge—discharge process (and application of voltage). Thus the electrochemically
active area for charge storage must have increased and as a result, the capacitances of
the electrodes were gradually increased up to ~ 1000 cycles. The MnGC and MnC
SCs were able to retain the increased capacitance whereas the MnG SC suffered a
3.9% loss in capacitance after 5000 charge-discharge cycles. This loss of capacitance

could be due to poor capacitance retention of densely grown MnO; in the MnG
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nanocomposite.”* Furthermore, excellent capacitance retention was exhibited by the
pristine rGO and MWCNT SCs, maintaining approximately 100% of their initial
capacitance after cycle tests (Figure A2.8a, Appendix 2). The capacitive
performance of the MnGC nanocomposites was compared with the existing reports of
MnO,—carbon based composites and found to be superior to many studies despite high

electrode mass loading of 12 mg cm™ (Tables A2.2 and A2.3, Appendix 2).
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Figure 3.8 (a) Nyquist plots (lines — EIS data recorded after 5000 cycles) and (b)
Ragone plot of MnC, MnG, and MnGC SCs; (c) schematic diagram and photo of the
red LED powered by two MnGC SCs connected in series

The electrochemical impedance data of the SCs was recorded using a
sinusoidal signal of 10 mV s in the frequency range of 10° — 0.01 Hz. The Nyquist
plots of MnGC, MnC, and MnG SCs are shown in Figure 3.8a. The points in Figure

3.8a represent the impedance data recorded before cycle stability tests, whereas the
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lines denote impedance data recorded after cycle stability tests, i.e. after 5000 charge—
discharge cycles. In the high—frequency region, the impedance spectra of the SCs
form a semi—circular arc and a straight line in the low—frequency region.44 The
intercept in the real Z' axis at very high frequency denotes a series resistance (Rs),
which originates from the combined effect of electrolyte resistance, and other intrinsic
resistances of the system.”> The semi-circle of the Nyquist plot accounts for the
charge transfer resistance (R.;) associated with the charge transfer via double layer
formation and faradaic redox reactions at the electrode/electrolyte interface “®*’. The
equivalent circuit for the impedance data is shown in the inset of Figure A2.8b
(Appendix 2). Before cycle stability tests, the Rs values for the MnC, MnG, and
MnGC SCs were in the range of ~ 0.67 - 0.7 Q, indicating high ionic conductivity and
low resistance in the system. After the charge—discharge cycles, the measured Rs
values were 0.83, 0.87, and 0.69 Q, respectively for MnC, MnG, and MnGC. The
charge transfer resistances were calculated from the semicircular arc and the MnG
sample showed the least charge transfer resistance with an initial R; value of 2.92 Q
as compared to MnC (3.45 QQ), and MnGC (4.87 Q). After being subjected to charge—
discharge cycles, the charge transfer resistance was reduced to 3.31, 2.32, and 4.39 Q,
respectively for MnC, MnG, and MnGC SCs. Reduction in R values indicted the
improved charge transport in the electrodes during charge—discharge tests. In the
high—frequency region, the impedance spectra of all three SCs showed vertical lines,
exhibiting ideal supercapacitive behavior. These lines became more vertical after
cycle stability tests, which indicated smaller diffusion resistance as a result of faster
ion transfer dynamics after repetitive charge—discharge cycles. A similar observation
of reduced charge transfer resistance after cycle stability tests was also noticeable in

the Nyquist plots of the rGO and MWCNT SCs, as shown in Figure A2.9b
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(Appendix 2). The reduction in charge transfer and diffusion resistance value
supports the observation that the capacitances of the SCs increased after the initial ~
1000 charge—discharge cycles.

The electrochemical performance of the pristine MnO; is illustrated in section
A2.3 and Figure A2.9 (Appendix 2). The pristine MnO, electrodes exhibited
sluggish charge transport, very poor rate capability (20% capacitance retention when
current density increases from 0.1 to 1 A g%, and high charge transfer resistance.
This unsatisfactory performance could be ascribed to the high mass loadings (~12 mg
cm™) of the MnO, electrodes. High electrode mass loadings cause severely blocked
pores, reduction in electro-active sites, and sluggish charge transport dynamics which
ultimately result in poor capacitive performance.

The performances of the fabricated SCs were also compared based on energy
and power densities. Ragone plots of the MnC, MnG, MnGC, MWCNT, and rGO
based SC cells are shown in Figure 3.8b. The energy density of the MnGC SC was
calculated to be 21.2 W h kg* (at a power density of 150 W kg ), and this value is
1.4x, 1.2, 2.9%, and 2.2x higher than the energy densities of MnC (15.12 W h kg %),
MnG (17.67 W h kg '), MWCNT (7.38 W h kg™), and rGO (9.74 W h kg*) SCs,
respectively. The MnGC SC was able to maintain its superior energy density as
compared to the MnG and MnC SCs even at higher power densities and delivered an
energy density of 15.2 W h kg* at 3750 W kg *. The high energy density of the
nanocomposite SCs could be ascribed to the improved capacitance of nanocomposites
with high pseudocapacitive contribution from MnO,. Additionally, the energy density
of the MnGC SC s superior to many MnO,/carbon-based SCs reported
elsewhere.’®*®3! As a practical demonstration, two MnGC SCs were connected in

series for powering a red LED. Figure 3.8c depicts the schematic illustration and
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digital photograph of two MnGC SCs cells (in series) powering a red LED for a few

minutes.

3.3.3 Physical Explanation for the Influence of Ultrasound

The ultrasonic irradiation during synthesis creates intense microconvection in
the system. Propagation of ultrasound waves induces high-frequency oscillations of
fluid elements at a very small spatial scale. The amplitude of oscillation (a) of fluid
elements in our system was calculated to be a = 0.43 um (as described in Chapter 2).
As a result of this intense microconvection at a very small spatial scale, the rGO is
efficiently exfoliated and MWCNTs could be uniformly intercalated as spacers to
prevent restacking of rGO sheets that facilitate easier diffusion of ions. Additionally,
sonication lowers the aggregation of MnO, nanostructure and promotes simultaneous
growth of MnO; on rGO and MWCNTSs resulting in the formation of the ternary
MnGC nanocomposite. The superior electrochemical performance displayed by the
MnGC nanocomposite could be attributed to its porous microstructure. The self-
assembly of the MnO, nanostructures on the surface of rGO and MWCNTSs reduced
aggregation and created abundant pores resulting in improved diffusion of electrolyte
ions (i.e. Na') inside the whole composite electrode. Moreover, the addition of
MWCNTSs to rGO increased the electrochemically active surface area of the MnGC
nanocomposite as well as the MnO, nanostructures. As a result, the diffusion length
for the electrolyte ions gets reduced and more electrolyte ions could participate in
charge storage and this was reflected in the superior rate capability of the MnGC
electrodes. The carbon components in the nanocomposites (i.e. rGO and MWCNTS)
act as conductive substrates for MnO, growth that provide excellent interfacial
contact and facilitate easier electron transfer in the whole electrode. This interfacial

synergism between individual components of the MnGC nanocomposite, in
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conjunction with the morphological features contributing to rapid charge transport,

results in its excellent electrochemical performance.

3.4 CONCLUSIONS

In summary, a ternary nanocomposite of MWCNT/MnO,/rGO (MnGC) was
synthesized via a novel one—pot ultrasound—assisted method. The synthesized MnGC
nanocomposite possessed a mesoporous structure with a high BET surface area of
~313.2 m? g™. The abundant pores present in the MnGC nanocomposite facilitated
better electrolyte diffusion, maximum utilization of active surface area of MnO,,
reduced diffusion length, and rapid electron transport via its conductive network. As a
whole, the synergistic interaction of all the individual components enhanced the
energy storage capacity of MnGC electrodes. The symmetric SC fabricated with
commercial-level mass loading MnGC electrodes, demonstrated notable enhancement
in the capacitive behavior compared to binary nanocomposite (i.e. MNO,/MWCNT
and MnO,/rGO) based SCs. The MnGC based SC displayed a wide operating voltage
of 1.5 V in the Na,SO, electrolyte and high gravimetric capacitance of 314.6 F g * (at
5 mV s ') was obtained for the MnGC electrodes. Moreover, the SC displayed
excellent cycle stability with ~ 103.4 % capacitance retention after 5000 cycles at 5 A
gl The MnGC based SC delivered energy density as high as 21.2 W h kg ™' at a
power density of 150 W kg, which was 1.4x, 1.2x, 2.9x, and 2.2x higher than the
energy density of MnO,/MWCNT, MnO,/rGO, MWCNT, and rGO based symmetric
SCs, respectively. The results of the present study clearly show the potential of
ternary MnGC nanocomposite-based aqueous supercapacitors for applications in

commercial-scale energy storage systems.
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CHAPTER 4

Improved Energy Density of Reduced Graphene
Oxide based Aqueous Symmetric Supercapacitors

in Redox—Active and Water-in-Salt Electrolytes
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CHAPTER 4

IMPROVED ENERGY DENSITY OF REDUCED GRAPHENE
OXIDE BASED AQUEOUS SYMMETRIC SUPERCAPACITORS IN

REDOX-ACTIVE AND WATER—-IN-SALT ELECTROLYTES

4.1 INTRODUCTION

Carbon—-based EDLCs dominate the commercial market of SCs with ~ 80% of
worldwide market revenue. However, these commercial SCs can deliver only a
limited amount of energy density (5 — 10 W h kg™) as compared to batteries (100 —
260 W h kg™).* As demonstrated by previous authors, the cost of energy (per kW h)
provided by SCs is 10x higher compared to that of lithium—ion batteries (LIBs) .
Therefore, it is essential to improve the energy density of SCs using inexpensive
strategies to widen the commercial applications of SCs.

1

The energy density (E ECVZ) of the SCs can be boosted by either

cell —

enhancing the capacitance (C) or by widening the cell voltage (V).>* Electrolytes play
a vital role in the electrochemical performance as well as in the operational safety of
SCs. The organic electrolytes used in commercial EDLCs can provide wide operating
voltages (< 2.7 V).>® However, organic electrolytes are flammable and suffer from
low ionic conductivity and toxicity. Moreover, salt used for making the organic
electrolyte raises the cost of the SC.? In addition, the manufacturing of organic SCs is
sophisticated and expensive due to the high moisture sensitivity of the electrolytes.” In
this context, low—cost and environment—friendly aqueous electrolytes are appealing

and safer alternatives to organic electrolytes.” Intriguingly, SCs exhibit considerably
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higher capacitance, enhanced power density, and superior rate capability in aqueous
electrolytes as compared to non—aqueous electrolytes. This superior performance
could be attributed to the inherent features of aqueous electrolytes, viz. high ionic
conductivity, smaller ionic size, and lower resistance. However, the cell voltages in
aqueous electrolytes (especially acidic/alkaline) are limited to 1.23 V due to the
thermodynamic decomposition of water. Interestingly, neutral aqueous electrolytes
(viz. NapSO4, LipSO4, and K;SO4) have shown high electrochemical stability at
operating voltages well beyond water—splitting potential and thereby alleviating
energy density for aqueous SCs. The enlarged potential windows in neutral agueous

electrolytes can be attributed to raised hydrogen/oxygen evolution overpotentials

resulting from the low concentration of H* and OH™ ions.*®

Among the EDLC materials, graphene is of special interest due to its
exceptional properties encompassing sp? hybridized carbon atoms along with
excellent conductivity (charge carrier mobility = 250000 cm? V* s%), mechanical
strength (mechanical stiffness = 1 TPa), large surface area (2630 m? g ') and
favorable pore size distributions.”® Although graphene materials synthesized via
different methods have been reported for EDLCs (please refer to the literature
summary given in Table A3.1, Appendix 3), however, most of these studies have
investigated the electrochemical performances at low electrode mass loadings (< 5 mg
cm ). Essentially, the electrode mass loading should be as high as ~ 10 mg cm™
considering the practical/commercial application and to ensure high total capacitance
and energy density of SCs.™ In view of this, we have investigated the electrochemical
performances of reduced graphene oxide (rGO)-based aqueous SCs (rGO-SCs) at

commercial-level electrode mass loadings. Furthermore, we propose two inexpensive

strategies for enhancing the energy density of rGO-SCs. The first strategy implicates
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the use of a neutral redox—active aqueous electrolyte to increase the capacitance via
soluble redox reactions. The second strategy focuses on extending the cell voltage of
rGO-SCs by using water—in—salt (WIS) electrolyte.

Incorporating redox—additives in the electrochemically inert electrolyte to
augment the electrochemical performance has gained popularity in recent times.***
The redox additives can participate in electron transfer reactions based on their redox
states and improve the energy density of SCs with pseudo—faradaic charge storage as
illustrated in Figure 4.1a. Previous studies have reported the use of various redox-
additives, viz. hydroquinone,** viologens,** indigo carmine,*® KsFe(CN)g,™ etc. to

augment the energy density of carbon-based EDLCs. Abbas et al.*

reported
enhancement in capacitance of commercial activated carbon (DLC Supra 30) using

sodium molybdate (Na;MoO,) as the redox-additive in Li,SO, electrolyte. They
showed that the MoQ;~ ions originating from sodium molybdate can provide pseudo-

faradaic contributions via redox reactions that increase the capacitance. Moreover,
sodium molybdate has various other advantages, including its environmentally
friendly nature, low cost, corrosion inhibition of steel, and high water solubility.

The newly introduced “water—in—salt” (WIS) electrolytes have garnered
immense attention due to their safe and high operating voltages (> 2 V).>*"*® The salt
content in the WIS electrolytes surpasses the water content in both mass and
volume.*”® The strong interactions between water molecules and the cations at such
high concentrations decrease the activity of water molecules at the electrode surface;
thus preventing the breakdown of the electrolyte as schematically depicted in Figure
4.1b2?  Initial studies on WIS electrolytes have focused on the
bis(trifluoromethane)—sulfonimide lithium salt (LiTFSI) due to its excellent solubility

and stability in the aqueous medium.?>** WIS electrolytes based on sodium
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perchlorate (NaClO4),**%% potassium acetate,?’ and sodium nitrate (NaNO3)*® have
been explored very recently. Among these, NaNO3 based WIS electrolyte has high
solubility, in addition to relatively high conductivity and superior electrochemical

performances.?®

(a) Aqueous electrolyte Redox Redox active electrolyte
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Figure 4.1 (a) lllustration of charge storage mechanisms of SCs with aqueous and
redox—active electrolytes; (b) schematic representation of interactions between water
molecules and cations in conventional aqueous (salt-in—water) and “water—in—salt”

electrolytes.

Herein, we investigate the performance of rGO based symmetric SCs (rGO-—
SCs) in aqueous electrolytes (viz. 1 M H,SO4,, 6 M KOH, 1 M Li,SO,) at
commercial-level mass loadings (~ 10 mg cm ). As compared to H,SO4 and KOH

electrolytes, a relatively high energy density (15.39 W h kg ) was obtained for the SC
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in Li,SO, electrolyte due to the extended cell voltage of 1.8 V. Furthermore, the
energy density of rGO-SCs was enhanced to 21.42 and 22.87 W h kg™ via two
inexpensive strategies: (i) employing a redox—active electrolyte (0.1 M Na,MoO,4 + 1
M Li,SQO,), and (ii) achieving a high cell voltage of 2.1 V in a WIS electrolyte (11 M
NaNOs), respectively. The practical feasibility of the fabricated high energy density

SCs was demonstrated by illuminating light—emitting diodes (LEDs).

4.2 EXPERIMENTAL SECTION

4.2.1 Materials

Lithium sulfate (Li,SO4) was procured from Sigma Aldrich, India. Potassium
hydroxide (KOH) flakes, sodium molybdate (Na,Mo0Q,), sodium nitrate (NaNO3), and
sulphuric acid (H2SO,4, 98%) were purchased from Merck, India. Ultrapure water was
used for all the experiments. Reduced graphene oxide (rGO) was synthesized in our
laboratory as described in Chapter 2. The synthesis of rGO is schematically

illustrated in Figure 4.2.
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4.2.2 Electrochemical Measurements

The electrochemical investigations were performed in both three—electrode
and two-electrode (symmetric  supercapacitor) cells wusing a M204
Potentiostat/Galvanostat (Metrohm Autolab). In the three—electrode setup, an
Ag/AgCl (3 M KCI) and a platinum rod were used as the reference and counter
electrodes, respectively. To make the working electrodes, a uniform slurry was
prepared by mixing the rGO (80 wt%) with carbon black (10 wt%), and PTFE binder
(10 wt%) in ethanol. The homogeneous electrode slurry was then coated on a 1x1 cm?
area of stainless steel foil (current collector) and dried at 100 °C. The mass of active
material on the working electrodes was ~ 7 — 9 mg. The electrodes for symmetric
supercapacitors were prepared by casting the aforementioned electrode slurry on a
stainless steel foil and disc electrodes of diameter ~ 1.5 cm were punched out after
drying. As—prepared disc electrodes had active mass loadings of 9 — 10 mg cm 2.
Finally, symmetric supercapacitors (rGO-SCs) were assembled using two identical
rGO disc electrodes with a cellulose separator (saturated with electrolyte) sandwiched
between them. As described in Chapter 3, symmetric supercapacitor cells were
assembled inside a split-type coin cell assembly.

The electrochemical tests were conducted in different aqueous electrolytes,
viz. 1 M H;SO,4, 6 M KOH, 1 M Li,SO4, 0.1 M Na;MoO,4 + 1 M Li,SO, (redox—
active electrolyte), and 11 M NaNOj; (water—in-salt electrolyte). The electrochemical
parameters were assessed by CV, GCD, and EIS techniques. In three-electrode
measurements, specific capacitance (Cq, F g ') was calculated from the CV and GCD
curves using equations 1.5 and 1.6, respectively as described in section 1.4.1 in
Chapter 1. The specific capacitance of a single electrode (C4, F g') of the

supercapacitors cells was calculated from the CV and GCD curves using equations
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1.7 and 1.8, respectively as described in section 1.4.1 in Chapter 1. The energy
density (E, W h kg™), and power density (P, W kg™) of the cells were calculated from

GCD curves using equations 1.9 and 1.10, respectively (section 1.4.1 in Chapter 1).

Figure 4.3 (a) FE-SEM, (b) TEM, and (c) elemental mapping (carbon in green, and

oxygen in blue) images of rGO.

4.3 RESULTS AND DISCUSSION

4.3.1 Physicochemical Characterization of rGO

Various characterizations of rGO such as XRD, Raman spectroscopy, BET
surface area measurements have been previously discussed in Chapter 2 (section
2.31). However, the results of these characterizations are presented in Figure A3.1

(Appendix 3). The FE-SEM and TEM images of the synthesized rGO are shown in
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Figure 4.3a—b, which reveal the crumpled sheet-like morphology of the synthesized

rGO. The crumpled morphology is beneficial for preventing the restacking of rGO.

Elemental mapping shown in Figure 4.3c indicates the presence of small amount of

residual oxygen-containing groups on the surface rGO and these groups could add

pseudocapacitive contributions.

Figure 4.4 Electrochemical performance of rGO electrodes using a three—electrode
system in different aqueous electrolytes viz. 1 M H,SO,4, 6 M KOH, and 1 M Li,SOy:
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4.3.2 Electrochemical Performance in Acidic, Alkaline, and Neutral Aqueous

Electrolytes

4.3.2.1 Three—electrode cell characterization of rGO electrodes

The electrochemical investigations of single rGO electrodes were performed
using a three—electrode setup in different aqueous electrolytes, viz. 1 M H,SO4, 6 M
KOH, and 1 M Li,SO,. The cyclic voltammetry (CV) curves of the rGO electrodes in
the above—mentioned aqueous electrolytes are shown in Figure 4.4a. A potential
window of —0.1 V to 0.9 V (vs. Ag/AgCl) was obtained for the rGO in the acidic
H,SO, electrolyte. The hydrogen evolution reaction (HER) was found to occur at a
negative potential of —0.1 V (vs. Ag/AgCl) in the H,SO, electrolyte, which is due to
the high concentration of H" ions in the electrolyte. In the alkaline KOH electrolyte,
a stable potential window was obtained in the range of —1 V to 0 V (vs. Ag/AgCl). It
was observed that oxygen evolution reaction (OER) occurs at about 0 V (vs.

Ag/AgCl) in the KOH electrolyte, which could be attributed to the higher

concentration of OH™ ions in the electrolyte. Figure A3.2 (Appendix 3) shows the
CV curves of rGO recorded at different potential windows in Li,SO,4 electrolyte.
Firstly the CV curves were recorded in the potential range of —0.6 V to 0.8 V (vs.
Ag/AgCl). When the potential range was extended to the negative range, the increase
in negative current and the formation of the reduction peak signifies the beginning of
the hydrogen storage.?®* The sharp rise in negative current at potentials lower than
—1 V (vs. Ag/AgCl) indicated increased H, evolution and a probable limit for negative
polarization.”® As evident from Figure A3.2 (Appendix 3), the potential window of
rGO in Li,SOy4 electrolyte can be extended up to ~ 2 V. However, the rate capability
was significantly reduced at higher scan rates when the negative potential was lower

than —1 V (vs. Ag/AgCl). Therefore, the potential window of =1 V to 0.8 V (vs.
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Ag/AgCI) was used for the capacitive measurements in the Li,SO, electrolyte. The
electrochemical behavior of the rGO was further investigated using CV at various
scan rates (5, 10, 20, 50, and 100 mV s ). The CV curves in the H,SO, (Figure
A3.3a, Appendix 3) and KOH (Figure A3.4a, Appendix 3) electrolytes have
distorted rectangular shapes with redox peaks suggesting pseudocapacitive
contributions from surface functionalities along with double—layer behavior. In
Li,SO, electrolyte, the total capacitance is contributed by double layer capacitance in
conjunction with pseudo—capacitance originating from reversible hydrogen storage,
which is apparent from the CV curves (Figure A3.5a, Appendix 3).° Figure 4.4b
summarizes the specific capacitances of rGO electrodes calculated from the CV
curves. At a scan rate of 5 mV s, specific capacitances were calculated as 187.1,
170.9, and 160.1 F g* in KOH, H,S04, and Li,SO, electrolytes, respectively. The
specific capacitance values decreased with the increasing scan rates, which could be
attributed to the inadequate mitigation of electrolyte ions into active sites of rGO at
high scan rates.® Interestingly, the rGO electrodes displayed fairly high specific
capacitance retentions of 81.2%, 80%, and 73.4% in H;SO,; KOH, and Li;SO,
electrolytes, respectively at a high scan rate of 100 mV s .

The galvanostatic charge—discharge (GCD) curves of rGO (Figures A3.3b,
A3.4b, A3.5b in Appendix 3) display near—linear and triangular curved shapes
indicating contributions from both electrical double—layer and pseudocapacitance that
originate from surface oxygen groups of rGO and/or reversible hydrogen storage. The
negligible voltage drops of GCD curves suggest very low resistance and efficient
charge transfer at the electrode—electrolyte interface.®> The GCD measurements
further confirm that the rGO electrodes can be steadily charged and discharged in the

potential range of 0.1 Vt0 0.9 V, -1 Vto 0 V,and —1 V to 0.8 V (vs. Ag/AgCl) in
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H,SO,4, KOH, and Li,SOy electrolytes, respectively, which is in agreement with the
CV results. The specific capacitances of rGO electrodes at a current density of 0.5 A
g ‘were 177.3, 161.4, and 144.8 F g in KOH, H,SO,, and Li,SO, electrolytes, and
corresponding capacitance retentions at 5 A g were 85.5%, 85.2%, and 80.1%,
respectively (Figure 4.4c). The superior rate capability of rGO electrodes in H,SO,
and KOH electrolytes could be attributed to the smaller ionic diameter and high
mobility of the H" and K* ions.®* Moreover, the wettability of the electrodes by the
electrolyte plays a pivotal role in the capacitive performance. Better wetting of the
electrodes increases the surface area accessible for the electrolytes and thereby
improves the capacitance. The wettability of the electrodes was studied using contact
angle measurements (Figure A3.6, Appendix 3). The wettability of the rGO
electrodes decreased as indicated by the contact angles: 6 M KOH (124.6°) > 1 M
H,SO,4 (132.5°) > 1 M Li,SO,4 (142.5°). Therefore, it can be inferred that the better
wettability of the rGO electrodes by the 6 M KOH in addition to its high ionic
conductivity resulted in the highest specific capacitance in the alkaline electrolyte.
The specific capacitances obtained for rGO in this work is at par with the previously
published data on graphene—based SC electrodes (Table A3.1, Appendix 3). Most of
the previous studies in the literature have reported electrochemical performances at
low electrode mass loadings (< 5 mg cm2). The low active mass loading results in
low total capacity and energy density for SCs due to the low mass ratio of active
material to cell components, which restricts their practical utility for commercial
energy storage. The active material loading in commercial supercapacitors is about ~
10 mg cm> Moreover, most electrode materials show drastically reduced
performance at high active mass loadings due to hindered charge transport. Therefore,

it is essential to use commercial-level electrode mass loadings for obtaining reliable

TH-2919_166151010 131



CHAPTER 4

performance parameters suitable for commercial/industrial applications of these
supercapacitors. It is noteworthy that the specific capacitance of commercial electrode
mass loading rGO electrodes used in the present study is superior to many of the
previous studies with low mass loadings (Table A3.1, Appendix 3). The well-
organized mesoporous structure and high surface area (~ 555 m? g*') of the
synthesized rGO enabled efficient charge transportation inside the electrode, which
results in large specific capacitance values for the rGO electrodes at high mass
loadings.

The cyclic performance of the rGO electrodes was investigated over 5000
charge—discharge cycles at a current density of 5 A g *. The rGO electrodes retained
about 95.4%, 96.8%, and 97.1% of their initial capacitance after 5000 cycles in
H,SO,, KOH, and Li,SO, electrolytes, respectively (Figure 4.4d). The excellent
cyclic stability of the rGO electrodes indicated high reversibility of the charge storage
process in the aqueous electrolytes without any significant material degradation.
Electrochemical impedance spectroscopy (EIS) was performed using a 10 mV s™'
sinusoidal signal in a frequency range of 10° — 0.1 Hz. All Nyquist plots of rGO
electrodes (Figure A3.7, Appendix 3) consist of a semicircular arc originating from
charge transfer resistance (R) in the high—frequency range and a straight line in the
low—frequency range, which indicated a good capacitive response.**** The combined
effect of ionic resistance of electrolyte and interfacial system resistance results in a
series resistance (Rs).>* The intercept at the real Z’ axis in the Nyquist plot gives the
value of Rs. The values of Ry and R were determined using an equivalent circuit
shown in the inset of Figure A3.7 (Appendix 3). The Rs values for the rGO
electrodes were 0.75, 0.97 and 4.62 Q in H,SO,4, KOH and Li,SO, electrolytes, and

the corresponding R values were 32.60, 23.31, and 41.38 Q, respectively. The low Rs
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and R values obtained in the H,SO,4 and KOH electrolytes further confirm the higher

ionic conductivity and fast charge transport in acidic/alkaline aqueous electrolytes.
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Figure 4.5 Electrochemical performance of rGO-SCs in different aqueous
electrolytes, viz. 1 M H,SO4, 6 M KOH, and 1 M Li,SO4: (a) Schematic representa-
tion of two—electrode symmetric SC cell; (b) comparison of CV curves of rGO-SCs
in different electrolytes; CV curves of rGO-SC in (¢c) 1 M H,SO,, (d) 6 M KOH, (e) 1

M Li,SQOy; (f) specific capacitance of rGO electrodes as a function of scan rate.
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4.3.2.2 Electrochemical performance of rGO-based symmetric supercapacitors

To investigate the electrochemical performance in a full cell device,
symmetric SCs (rGO-SCs) were fabricated with two identical rGO electrodes
partitioned by a cellulose paper separator (Figure 4.5a). The separators were
impregnated with 300 pL of different electrolyte solutions, including 1 M H,SQO4, 6 M
KOH, and 1 M Li,SOy, respectively. The rGO-SCs were tested at various scan rates
ranging from 5 to 100 mV s . The potential windows of the rGO-SCs were limited to
1V in H,SO,4 and KOH electrolytes to prevent the thermodynamic decomposition of
water, which could potentially damage the SCs, and these potential windows are in
agreement with the three—electrode cell measurements. To obtain a relatively wide
operating voltage for the rtGO-SCs, neutral Li,SO, has been used as the electrolyte.*®
As indicated by the CV curves of rGO electrodes in both positive (0 to 0.8 V) and
negative (—1 to 0 V) potential ranges (Figure A3.8a, Appendix 3), a stable cell
voltage of 1.8 V can be obtained for the rGO-SC in Li,SO4 electrolyte. CV curves of
the rGO-SC in Li,SO, electrolyte at different potential windows from 1 — 1.9 V are
shown in Figure A3.8b (Appendix 3). The peak at the right side of the CV curves
increased with an increase in cell voltage. The peak at 1.9 V is relatively high
indicating water decomposition, and therefore, the cell voltage was limited to 1.8 V
for the rtGO-SC in the Li,SO, electrolyte.®” Figure 3.5b shows the CV curves of the
rGO-SCs in different electrolytes at a scan rate of 20 mV s™*. It can be noted that in
the potential window of 1 V, the rGO-SC shows better capacitive responses in H,SO,
and KOH electrolytes. The CV curves of rGO-SCs at different scan rates of 5 — 100
mV s were quasi-rectangular in all three electrolytes (Figures 3.5c—). The rapid
current response at the voltage reversal point in the CV curves indicated a superior

capacitive response.®® The quasi rectangular forms of the CV curves were well
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retained even at high scan rates in the case of H,SO,4, and KOH electrolytes. These
results indicated rapid charge transport inside the rGO electrodes in H,SO4 and KOH
electrolytes.®® However, relatively larger deviations of CV curves were observed in
the Li,SO, electrolyte for higher scan rates. This could be attributed to higher
diffusion limiting charge storage at increased scan rates in the Li,SO, electrolyte. The
gravimetric specific capacitances of the rGO electrodes in different electrolytes were
calculated from the CV curves of the rGO-SCs. The variations of capacitance at
different scan rates are shown in Figure 4.5f. The rGO electrodes exhibited the
highest capacitance of 174.8 F g (at the scan rate of 5 mV s) in 6 M KOH,
followed by 158.6 F g ' in 1 M H,SO,, and 145.3 F g * in 1 M Li,SO; electrolyte. The
decreasing capacitance for higher scan rates could be attributed to the lack of time for
diffusion of electrolytes ions inside the pores of crumpled rGO.*! At a high scan rate
of 100 mV s, the rGO electrodes retained 83% (131.6 F g *) and 81.9% (143.1 F g ™)
of initial capacitance in H,SO, and KOH electrolytes, respectively. In Li,SO,
electrolyte, 73.8% (107.2 F g ') capacitance was retained at 100 mV s .

The GCD curves of rGO-SCs obtained at a current density of 1 A g™ are
shown in Figure 4.6a. The charge—discharge time for the device in KOH electrolyte
is longer than that in H,SO, electrolyte indicating higher capacitance in KOH
electrolyte. The potential window of 1.8 V for the device in Li,SO4 electrolyte was
further confirmed by the GCD results. The GCD curves of the rGO-SCs in the three
electrolytes are shown in Figures 4.6b—d. The triangular and near—linear nature of
GCD curves indicated contributions from both electrical double—layers as well as
from pseudocapacitance originating from surface oxygen groups present in the rGO.
The negligible voltage drops of the rGO-SCs indicated very low resistance and

efficient charge transfer at the electrode—electrolyte interface.®? At a current density of
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0.2 A g, the highest capacitance of 168.5 F g was obtained in the KOH electrolyte.

The capacitances of the rGO electrodes were 147.8 and 136.7 F g * in H,SO,4 and

Li,SO, electrolytes, respectively (Figure 4.6e).
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The higher ionic conductivities of KOH and H,SO, electrolytes resulted in the high
capacitances for the rGO electrodes even at the low potential window of 1 V. The
specific capacitances of the rGO electrodes were 130.5 (H,SO,), 147.5 (KOH), and
107.3 (Li,SO,) F g* when the current density was increased to 5 A g (Figure 4.6e).
The smaller ionic size of H" and K" ions facilitates rapid charge transport inside the
pores of the electrodes. As a result, better rate capacities were obtained in the H,SO,
(88.33%) and KOH (87.56%) as compared to Li,SO,4 (78.44%) electrolyte. The rGO-
SCs demonstrated excellent cyclic stability with almost no loss in capacitance over
5000 GCD cycles at a current density of 5 A g * (Figure 4.6f), which indicates the
high reversibility of the charge storage process. In addition, FE-SEM images of the
rGO electrodes before, and after cycle stability tests (Figure A3.9a—d, Appendix 3)
in the three aqueous electrolytes did not show any significant morphological changes.
These results further support the high electrochemical stability of the rGO electrodes
in the electrolytes. The Nyquist plots of the rGO-SCs are shown in Figure 4.7a. The
Rs values for rGO-SCs in KOH and H,SO, electrolytes were 0.31 and 0.34 Q,
respectively, before cyclic stability tests; whereas, the Rs value in Li,SO, electrolyte
before the cyclic stability test was ~0.93 Q. The small R values in KOH and H,SO4
electrolytes could be attributed to their high ionic conductivity as compared to the
Li,SO, electrolyte. Therefore, high capacitances were obtained in KOH and H,SO,4
electrolytes as a result of the rapid transport of electrolyte ions. The R values for
rGO-SCs in the KOH, H,SO,, and Li,SO, electrolytes before stability tests were 1.1,
0.97, and 2.1 Q, respectively. After the stability tests, the rGO-SCs did not show any
significant change in R, values. However, R values were reduced to 0.96, 0.96, and
1.6 Q, respectively in KOH, H,SO,4, and Li,SO, electrolytes. These low resistances

indicated improved charge transfer in the thick rGO electrodes (due to high mass
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loadings) after repetitive charge—discharge as well as high electrochemical stability.
In the low—frequency region, the more vertical nature of the impedance spectra in
both KOH and H,SO, electrolytes indicated rapid diffusion of electrolyte ions inside
the pores of rGO electrodes attributed to the smaller cationic sizes.**** However, the
diffusion resistance was lower in KOH as compared to that in H,SO4, which could be
attributed to the greater wettability of the rGO electrodes in KOH. The impedance

data further supported the high rate capability of rGO-SCs in the KOH and H,SO,

electrolytes.
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Figure 4.7 (a) Nyquist plots of rGO-SCs before (denoted by points) and after cycle
stability (denoted by lines) tests (inset: high—frequency region); (b) Ragone plot for
the rGO-SCs in different aqueous electrolytes and comparison with previously
published data.

The Ragone plot in Figure 4.7b illustrates the energy and power densities of
the rGO-SCs in KOH, H,SO,, and Li,SO, electrolytes. The energy densities of the
rGO-SCs in KOH and H,SO, electrolytes were 5.85 and 5.13 W h kg, respectively,
at a power density of 100 W kg™'. The limited energy density of the rGO-SCs in these
two electrolytes is due to the low potential window of 1 V. At the power density of

2500 W kg ', the energy density values were 5.12 and 4.53 W h kg ', respectively, in
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KOH and H,SO, electrolytes. However, for practical applications higher energy
densities are essential. Therefore, the neutral Li,SO, electrolyte was used to obtain a
greater potential window as well as a higher energy density. The rGO-SCs
demonstrated an energy density of 15.39 W h kg™' (180 W kg™') in the Li,SOj4
electrolyte. This is 2.6x and 3x higher than the energy densities in H,SO4 and KOH
electrolytes, respectively. The high energy density of the device in Li,SO,4 could be
attributed to the wide voltage window of 1.8 V. The rGO-SC provided an energy
density of 12.1 W h kg™’ at a high energy density of 4500 W kg™ in Li,SO,
electrolyte. The high energy density values demonstrated by the rGO-SCs at high
power outputs could be ascribed to the superb rate capability and efficient charge
transport inside the porous networks present in the electrodes. The energy density of
the fabricated neutral SC is superior to many previously published studies (Figure

7b) .4246

4.3.3 Electrochemical Performance in Redox—Active Electrolyte

4.3.3.1 Three—electrode cell characterization of rGO electrodes

The redox additives/mediators participate in reversible electron transfer redox
reaction at the electrode—electrolyte interface.*”*® As a result, the surface pseudo-
capacitive contribution from the redox additives enhances the performance of the SCs.
In the present study, a Na,MoO, based redox—active electrolyte (0.1 Na,MoO, + 1 M
Li,SO,4) has been used to augment the energy density of rGO-SCs. The three—
electrode measurements (CV and GCD curves shown in Figures A3.10a and A3.10b,
Appendix 3) confirm that the rGO electrodes can be safely charged and discharged in
the same potential window of Li,SO, electrolyte, i.e. =1 V to 0.8 V (vs. Ag/AgCl).

The larger area under the CV curves and the increase in charge—discharge time
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indicate the improved charge storage in the redox—active electrolyte. The appearance
of the redox peaks and the increase in peaks at voltage reversal indicated pseudo
faradaic contributions in the redox—active electrolyte along with double layer charge

storage. The redox behavior could be attributed to the following redox reactions of
MoO? ions:™

MoO; +4H"+ 2" «—>Mo0, + 2H,0 4.1)

MoO;™ +8H"+ 68" «——>Mo +4H,0 (4.2)

The CV and GCD curves of the rGO electrode at different scan rates and current
densities obtained from three—electrode measurements are shown in Figures A3.10c
and A3.10d (Appendix 3), respectively. In the redox-active electrolyte, the rGO
electrode exhibited a specific capacitance of 226.9 F g* at a scan rate of 5 mVs %,
which is 1.42x higher than the capacitance in the neat Li,SO, electrolyte (Figure
A3.10e, Appendix 3). When the scan rate was increased to 100 mV s, about 71.2%
(161.5 F g*) of capacitance was retained. In addition, a specific capacitance of 201.5
F g ! was obtained at a current density of 0.5 A g, which indicated a 1.4x increase in
the specific capacitance in the redox—active electrolyte in comparison to the Li,SO4
electrolyte (Figure A3.10f, Appendix 3). The rGO electrodes retained 79.1% (159.5
F g%) of this capacitance at the high current density of 5 A g* demonstrating a high

rate capability in the redox—active electrolyte.

4.3.3.2 Electrochemical performance of rGO-based symmetric supercapacitors

A symmetric supercapacitor (rGO-SC) was constructed using the redox-—active
electrolyte, and the electrochemical performance of the device was further

investigated. The reversible operational potential window of rGO electrodes in both

TH-2919_166151010 140



Improved energy density of rGO-SCs in redox—active and water—in—salt electrolytes

positive (0 to 0.8 V) and negative (-1 to 0 V) potential ranges is evident from the CV

curves obtained from three—electrode measurements (Figure A3.11a, Appendix 3).
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Figure 4.8 Electrochemical performance of rGO-SC in redox—active electrolyte (0.1
M Na;MoO4 + 1 M Li,SQOy): (a) comparison of the CV curves in redox electrolyte

and Li,SOq; (b) CV curves of rGO-SC at different scan rates; (c) specific capacitance

as a function of scan rate; (d) comparison of the GCD curves in redox electrolyte and
1 M LiySO4, () GCD curves of rGO at different current densities; (f) specific

capacitance as a function of current density.
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As shown in Figure A3.11b (Appendix 3), the rGO-SC demonstrated an operating
voltage of 1.8 V in the redox—active electrolyte. Figure 4.8a shows the CV curves of
the rGO-SC in both Li,SO,4 and redox—active electrolyte at a scan rate of 20 mV s .
The increased CV area in the redox—active electrolyte indicated the enhanced charge
storage, and this result is in agreement with three—electrode measurements. The
plausible redox-reactions for pseudo-faradic contributions have been mentioned in
equations (4.1) and (4.2). In addition, a local decrease in pH could take place near the

positive electrode resulting from the oxidation of water at high potential windows. If
the local pH falls below 6, MoO;™ ions could transform into HMoO;, which could

involve further reactions to form MoO3.*® The CV curves of the rGO-SC (scan rates
of 5-100 mV s ) in the redox—active electrolyte are shown in Figure 4.8b. The CV
curves displayed quasi—rectangular shapes in addition to redox peaks. However, the
redox peaks were relatively smaller at 100 mV s*, indicating relatively slow redox
Kinetics at high scan rates. In the redox—active electrolyte, rGO electrodes exhibited a
capacitance of 195.58 F g (at 5 mV s ), which is 1.35x higher than the capacitance
in the Li,SO, electrolyte (Figure 4.8c). Moreover, the rGO electrodes exhibited a
specific capacitance of 139.82 F g' at 100 mV s, which is 71.49% of the
capacitance at 5 mV s .

The GCD curves at a current density of 1 A g (Figure 4.8d) show a rise in
charge—discharge time in the redox—active electrolyte as compared to the Li,SO,4
electrolyte. The GCD curves (current densities of 0.2 — 5 A g %) of the rGO-SC in the
redox—active electrolyte are shown in Figure 4.8e. The small deviations of GCD
curves from linearity indicated pseudocapacitive contributions from redox additive.
The rGO electrodes displayed an enhanced capacitance of 268.1 F g* (at 0.2 Ag ) in

the redox—active electrolyte (Figure 4.8f). In addition, the rGO electrodes retained

TH-2919_166151010 142



Improved energy density of rGO-SCs in redox—active and water—in—salt electrolytes

76.28% of this capacitance at the high current density of 5 A g *. The redox enhanced
rGO-SC demonstrated excellent capacitance retention of 99.3% after 5000 cycles at 5
A g (Figure 4.9a). Additionally, the morphology of the electrodes did not show any
noticeable change after the stability tests (Figure A3.9e, Appendix 3). This indicated
that the cyclic stability of the rGO-SC was not affected due to the incorporation of the
redox additive. The Nyquist plot of the rGO-SC in the redox—active electrolyte
(Figure A3.12, Appendix 3) was similar to that in the Li,SO,. Before cyclic stability
tests, the values of Rs and R were 0.76 and 2.68 Q, respectively. There was no
significant change in the R; after the cyclic stability tests. However, the reduction in
Rct value (1.37 Q) could be ascribed to the improved charge transport inside the pores
of the electrodes during repetitive charge—discharge. The redox enhanced rGO-SC
displayed an augmented energy density of 21.42 W h kg * at a power density of 180
W kg™, which is 1.39x higher compared to the energy density of the device in Li,SO,4
electrolyte alone. The Ragone plot in Figure 4.9b showed that the energy density of
the rGO-SC in redox—active electrolyte is superior to many of the previously
published studies on redox—enhanced SCs.***3#**1 At a high power density of 4500
W kg, the redox enhanced device managed to deliver a high energy density of 12.07
W h kg™. Several redox—active electrolytes (such as hydroquinone/benzoquinone or
ferricyanide/ferrocyanide) augment the energy density via additional charge storage,
but, cannot hold significant amounts of charge for longer durations. Thus, a large
amount of charge dissipates very rapidly due to undesirable cross—diffusion and redox
shuttling.®® The Na,MoO, based redox—active electrolyte used in the present study
does not suffer from this drawback. In addition, the operational voltage of our redox—
enhanced SC is higher than that reported in many previous papers. The inset of

Figure 4.9b shows a digital photograph of a red LED illuminated by the redox—

TH-2919_166151010 143



CHAPTER 4

enhanced rGO-SC. These results showed that the synergistic interaction among the
redox—active electrolyte and mesoporous rGO electrodes improved the energy density
via efficient charge mitigation, and reversible and rapid surface redox reactions. The
mesopores present in the rGO act as reservoirs of electrolyte as well as redox species

and tend to reduce the ion diffusion length thereby increasing the charge storage.™
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Figure 4.9 (a) cycle stability analysis of rGO-SC in redox electrolyte; (b) Ragone
plot for the rGO-SC in redox electrolyte and 1 M Li,SO, (inset: photograph of a red
LED powered by the redox enhanced rGO-SC).

4.3.4 Electrochemical performance in “water—in—salt” or WIS electrolyte
4.3.4.1 Three—electrode cell characterization of rGO electrodes

The electrochemical performance of rGO electrodes was investigated in a
concentrated 11 M NaNOj; (water—in—-salt or WIS) electrolyte. The three—electrode
CV measurements revealed that the rGO electrode has a stable potential window of —
1.1V to1lV (vs. Ag/AgCI) in the WIS electrolyte (Figure A3.13, Appendix 3). As
shown in Figures A3.14a-b (Appendix 2), the CV and GCD curves of the rGO
electrodes indicate predominant double—layer behavior along with pseudocapacitive

contributions from reversible hydrogen storage. At a scan rate of 5 mV s, the rGO
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electrode exhibited a specific capacitance of 212.9 F g * in WIS electrolyte and ~ 67%
(142.5 F g'!) this capacitance was retained when the scan rate was increased to 100
mV s (Figure A3.14c, Appendix 3). Again from the GCD curves, a specific
capacitance of 201.5 F g* was calculated corresponding to a current density of 0.5 A
g (Figure A3.14d, Appendix 3). At a high current density of 5 A g, the rGO
electrode retained 70.8% (140.5 F g %) of its initial capacitance. The rate capability of
the rGO electrodes in the WIS electrolyte was comparatively lower than that in the
aforementioned aqueous electrolytes and this could be attributed to the high viscosity

of the WIS electrolyte.?

4.3.4.2 Electrochemical performance of rGO-based symmetric supercapacitors

To construct a symmetric supercapacitor, rGO electrodes were tested as both
positive and negative electrodes separately using the three—electrode setup. As
indicated by the CV curves of rGO electrodes in both positive (0 to 1 V) and negative
(1.1 to 0 V) potential ranges (Figure A3.15a, Appendix 3), a stable cell voltage of
2.1 V can be obtained for the rGO-SC in WIS electrolyte. As shown in Figure
A3.15a (Appendix 3), the potential window of the rGO-SC (in WIS electrolyte) was
gradually increased from 1 to 2.2 V and the safe operating voltage was determined to
be 2.1 V due to the occurrence of the sharp high polarization peak at 2.2 V. Figure
4.10a shows the CV curves at scan rates of 5 — 100 mV s * in WIS electrolyte and the
quasi rectangular shape of the CV curves indicated predominant double—layer charge
storage. The CV curves of the device retained similar shape even at a high scan rate of
100 mV s indicating good rate capability and small internal resistance. The rGO
electrodes displayed a capacitance of 157.95 F g* at a scan rate of 5 mV s in the
WIS electrolyte (Figure 4.10b). Good capacitance retention of 70% (105.36 F g7)

was demonstrated by the rGO electrodes at the high scan rate of 100 mV s

TH-2919_166151010 145



CHAPTER 4

6
o | —5mvs!
o ——8mvVs"
\<.«3——10mVs‘1
2
(7]
S o0
o
-t
c
g 34 ——20mvs*
3 ——50mVs”
o i —100mVs"
00 05 10 15 20 25

Potential (V)

Potential (V)

800

o 200 400 600
Time (s)
(©)
=120
X
g 100- o...~°""°m-o--~.o....o @ @@ @@
§ 80- 98.1%
2 60-
[]
2
s 40
§ 20
2 ~@-11 M NaNO,
O 0 . . . r :
0 1k 2k 3k 4k 5k
Cycle number
(e

Figure 4.10 Electrochemical performance of rGO-SC in “water—in—salt” or WIS
electrolyte (11 M NaNOs3): (a) CV curves of rGO-SC at different scan rates; (b)
specific capacitance as a function of scan rate; (¢) GCD curves of rGO-SC at different
current densities; (d) specific capacitance as a function of current density; (e) cycle
stability analysis of the rGO-SC in WIS electrolyte; (f) Ragone plot the rGO-SC in

"-m
by 160-%\0
[}
2 1201 \o\
s ]
g
o 80‘
©
(]
;_:’ 40
2 —@—11 M NaNO,
& 0 . . . : ;
0 20 40 60 80 100
Scan rate (mV's™)
(b)
Tm
160-
< %o_
2 120- B ™
S -9
2
8 80-
©
o
S 40-
b —@—11 M NaNO,
& 04— . : ; . ‘
0 1 2 3 4 5
Current density (A g7)
(d)
=30
£ 20 9—0—0—o__
-
2 101
> 8
@ 6
&
S 4
>
& |—-9—11MNaNO, |
10 100 1000 10000
Power density (W kg™)
()

WIS electrolyte (inset: photograph of a red LED powered by the 2.1 V device).
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The GCD curves of the device shown in Figure 4.10c are nearly triangular,
which indicated a superior capacitive response. The rGO electrodes exhibited a
capacitance of 149.4 F g* at a current density of 0.2 A g* and retained 71.2% (106.4
F g of this capacitance at 5 A g* (Figure 4.10d). The rGO-SC in WIS electrolyte
exhibited superb cyclic stability and retained 98.1% capacitance after 5000 charge—
discharge cycles (Figure 4.10e). This minor loss of capacitance could be attributed to
the degradation of residual surface oxygen groups in rGO due to repetitive charge—
discharge at the high cell voltage. However, the electrode morphology did not show
any perceptible change after the cycle stability tests (Figure A3.9f, Appendix 3). The
Nyquist plots in Figure A3.16 (Appendix 3) indicated a typical capacitive response.
The values of Rs and R¢; were calculated as 0.80 and 1.55 Q, respectively before the
cyclic stability tests. A small reduction in both Rs (0.7 Q) and R (1.52 Q) values was
observed after the stability tests. The reduced resistances indicated the improvement
of charge transportation inside the pores of the electrodes after repetitive charge—
discharge. Figure 4.10f shows the Ragone plot for the high voltage rGO-SC with
WIS electrolyte. The 2.1 V device delivered a high energy density of 22.47 W h kg™
at a power density of 210 W kg™, which is substantially higher than the energy
density of the device in KOH, H,SO,4, and Li,SO, electrolytes, and highly competitive
with the energy density of previously reported water—in-salt electrolyte based
supercapacitors, viz. 21 M LiTFSI (17.2 W h kg™%),>* 17 M NaClO,4 (23.7 W h kg ™),
12 M NaNO; (20.5 W h kg ™). Moreover, the energy density of the rGO-SC in the
WIS electrolyte is marginally higher (< 5%) than that in the redox—active electrolyte.
This high energy density is attributed to the larger potential window of 2.1 V
compared to the other electrolytes used in this study. Even at a high power delivery of

5250 W kg%, the rGO-SC delivered an energy density of 16.29 W h kg in the WIS
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electrolyte. The high voltage rGO-SC was used to illuminate a red LED (inset of
Figure 4.10f). The high cell voltage (2.1 V) and energy density together with
excellent rate capability and cyclic stability demonstrated the feasibility of combining
mesoporous rGO and NaNO; based WIS electrolytes for high—performance

supercapacitors.

4.4 CONCLUSIONS

In summary, symmetric supercapacitors (rGO-SCs) were fabricated using
commercial-level mass loading rGO electrodes (9 — 10 mg cm ) in different aqueous
electrolytes viz. 1 M H,SO4, 6 M KOH, and 1 M Li,SO,4. The rGO-SC exhibited a
cell voltage of 1.8 V in Li,SO4 electrolyte and delivered an energy density of 15.39 W
h kg™ (at 180 W kg™), which was 2.6x and 3x higher compared to the energy density
of the device in KOH, and H,SO, electrolyte. Furthermore, the energy densities of the
rGO-SCs were augmented with two facile strategies: (i) using pseudo faradaic
contributions from redox—active electrolyte, and (ii) widening the cell voltage using a
low—cost “water—in—salt” electrolyte. Incorporating Na,M0oO, (0.1 M) as the redox—
additive in Li,SO, increased the energy density of the device by 39% (21.42 W h kg™
at 180 W kg ) via redox contributions from the MoO;  ions. A high cell voltage of
2.1 V was achieved for the rGO-SC in water—in—salt (11 M NaNQO3) electrolyte and
the device exhibited a high energy density of 22.87 W h kg™ (at 210 W kg ™). In
addition, the rGO-SCs demonstrated excellent cyclic stability in both the redox—
active and water—in—salt electrolytes. The facile and inexpensive strategies presented
in our study have tremendous potential for the development of high energy density

EDLCs.
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CHAPTER 5

Biomass Blend derived Porous Carbon for
Aqueous Supercapacitors with Commercial-Level
Mass Loadings and Enhanced Energy Density in
Redox-Active Electrolyte
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CHAPTER 5

BiOMASS BLEND DERIVED POROUS CARBON FOR AQUEOUS
SUPERCAPACITORS WITH COMMERCIAL-LEVEL MASS
LOADINGS AND ENHANCED ENERGY DENSITY IN

REDOX-ACTIVE ELECTROLYTE

5.1 INTRODUCTION

Biomass-derived porous carbons have been widely explored as SC electrode
materials due to their renewable nature, large surface area, tunable pore size,
electrochemical stability, and cost-effectiveness.' Varieties of biomass, viz. willow
catkins,? rice husk,® barley grains,* cotton waste,? phoenix tree leaves °, etc. have been
used to synthesize porous activated carbon for application in SCs. These activated
carbons are commonly synthesized by carbonization/pyrolysis followed by either
physical activation (in CO, atmosphere) or chemical activation (using KOH, H3zPO,,
ZnCl,, etc.) at high temperatures.” The activation process creates abundant porosity
(micropores and mesopores) in the carbonized sample (char) resulting in drastically
increased surface area for double-layer charge storage. Chemical activation usually
creates more porous carbon than physical activation.”

Although carbon derived from biomass has proven to be promising for energy
storage applications, however, the yield of activated carbon from raw biomass is
rather low. Hence, large-scale and sustainable production of activated carbon requires
a huge supply of raw materials continuously. In this context, using mixtures of
multiple biomass can be a potential solution as it would provide a large quantity of

raw material and flexibility in terms of effective utilization of raw materials.
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Interestingly, co-pyrolysis of multiple feedstocks (biomass blends/mixtures) have
gained popularity for bio-oil and biochar production.®*° The biochar obtained from
the co-pyrolysis can be further activated to synthesize porous activated carbon. In
previous studies of our group, we have reported co-pyrolysis of blends of biomass
(viz. water hyacinth, yellow oleander, and sugarcane bagasse).'**? These studies
revealed advantages such as lowering of activation energy during co-pyrolysis as
compared to the pyrolysis of single biomass. The minimum activation energy was
obtained for the ternary blend (wt. ratio of 1:1:1) of these three biomass, which is
desired for energy-effective thermochemical conversion. Based on these results, the
biochar obtained from the co-pyrolysis of this ternary biomass blend was chosen for
the synthesis of porous carbon material.

The capacitive performance of activated carbons can be improved by the
introduction of heteroatoms (e.g. N, P, S, O, etc.) via doping or attachment of surface
functionalities. These heteroatoms provide pseudocapacitive contributions and
improve the wettability of the electrode.™ In this study, we have synthesized oxygen
(heteroatom) enriched porous activated carbon via a relatively low-temperature
activation process (700 °C) without any external doping agents. Oxygen
functionalities increase the wettability of the carbon electrodes and thereby improve
the interaction of electrolyte ions at the electrode-electrolyte interface. Additionally,
oxygen functional groups are electron-rich and participate in electron transfer
resulting in pseudocapacitive contribution.* It has been observed that large surface
areas are achieved for carbons at high-temperature activation (800 °C or more)
5

however; oxygen functionalities tend to decrease with the increase in temperature.*

Therefore, it is essential to adopt relatively low-temperature activation to retain

TH-2919_166151010 156



Biomass blend derived porous carbon for aqueous supercapacitors

optimal oxygen functionalities in the porous carbon without compromising the
porosity.

The present study reports the synthesis of oxygen-enriched porous carbon
(PC-x) via co-pyrolysis and low-temperature KOH activation (700 °C) from biomass
blends (water hyacinth, yellow oleander, and sugarcane bagasse). KOH was chosen as
the activating agent to achieve highly micro/mesoporous structures, high pore
volumes, and large surface areas along with surface functionalities.® The influence of
KOH content on micro/mesopore volume, surface functionalities, and capacitive
performances has been investigated. The optimized PC-x possessed a high surface
area of ~2297 m” g, hierarchical pore structure with a pore volume of 1.23 cm® g™,
and oxygen functionalities (C/O = 3.05). The PC-x electrodes exhibited high specific
capacitance, good rate capability along with excellent cyclic stability in 6 M KOH
electrolyte at commercial electrode mass loadings (~10 mg cm), and outperformed
various carbon materials with high electrode mass loadings in the literature. The high
voltage (2 V) aqueous symmetric SC fabricated in 1 M Li,SO, delivered a remarkable
energy density of 22.75 W h kg™ (at 200 W kg™) with high cycle stability (96.8 % @
5 A g™, 10000 cycles). Furthermore, incorporation of Na,MoO, (redox-additive) in
Li,SO, augmented the energy density of the SC by 63.7% (37.24 W h kg™). The

enhanced energy density with the redox electrolyte was devised from the redox

reactions of MoO?~ ions.

5.2 EXPERIMENTAL SECTION

5.2.1 Material Synthesis

The water hyacinth (Eichhornia crassipes) and yellow oleander (Thevetia peruviana)

were collected from the campus of our institute and the sugarcane (Saccharum
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officinarum) bagasse was obtained from a nearby local market. The biomass samples
were extensively washed to remove impurities, chopped, and oven-dried. After
drying, samples were grinded using a mixer-grinder and sieved with a 2 mm sieve. A
blend of powdered biomass was prepared in the ratio (wt%) of 1:1:1, which was
optimized in our previous study.'! The detailed characterization of the raw biomass
and the char of the individual and biomass blends are provided in our earlier
studies.***? The ternary biomass blend (500 g) was carbonized at 500 °C for 1 h under
argon atmosphere with a heating rate of 10 °C min™. A fixed-batch pyrolyzer was
used for the experiments as described in our earlier paper.'® The as-obtained biochar
(20 g) was mixed with KOH at different weight ratios and activated at 700 °C for 1 h
in the pyrolyzer under argon atmosphere. The reactor was then allowed to cool down
to room temperature in the inert atmosphere. The resulting solids were washed with
0.5 M HCI and deionized water till neutral pH was obtained and finally dried in the
oven at 100 °C. The porous carbon samples were named PC-x, where X indicates the
weight ratio of KOH to biochar used during activation (KOH/biochar = 3, 4, and 5).

An illustration of the synthesis process for PC-x is depicted in Figure 5.1.

Water Activation
hyacinth Drying, . X=3,4,5
s Grinding P \ Co-pyrolysis (KOH/char)
E ' q -.: 5 0 | q #
H i ; S : Argon atm. Argon atm.
| pmmey, | Blending e 500°C, 1h o
H  Yellow s il 700 °C, 1 hr
oleander : _
o Biomass blend Biochar Oxygen-rich
. porous carbon
Biomass
(PC-x)

Figure 5.1 Synthesis protocol of oxygen-rich porous carbon (PC-x) from blends of

sugarcane bagasse, water hyacinth, and yellow oleander.
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5.2.2 Characterization Techniques

The instruments used for XRD, Raman spectroscopy, FESEM, TEM, EDS,
and BET surface area analysis were same as described in Chapter 2. Additionally,
The chemical bonds and the atomic composition were investigated using a Thermo
Fisher (ESCALAB Xi+) X-ray photoelectron spectroscope (XPS). The elemental
analysis of C, H, N, S, and O contents in the PC-x was performed using a Euro EA
(Eurovector EA3000) CHNS elemental analyzer. Ash content was obtained according

to the ASTM D1102-84 protocol.

5.2.3 Electrochemical Measurements

The electrode preparation involved uniform mixing of the PC-x (active
material), carbon black, and PTFE (in 8:1:1 weight ratio) in ethanol, and coating of
the resultant slurry on stainless steel foil followed by drying at 100 °C. The active
material loading on the disc electrodes (dia. ~ 1.5 cm) was ~ 10 mg cm™. As
described in Chapter 3, symmetric SCs (PC-x-SCs) were assembled using two
identical electrodes and a cellulose separator. Initially, 6 M KOH was used as the
electrolyte for the PC-x-SCs, and the best sample was tested with 1 M Li,SO, and
redox-mediated (0.1 M Na,MoO, + 1 M Li,SO4) electrolyte. The amount of
electrolyte (300 pL) was consistent throughout all the experiments.

Electrochemical measurements (viz. CV, GCD and EIS) were performed using
a M204 Potentiostat/Galvanostat (Metrohm Autolab). The specific capacitance of a
single electrode (Cq4, F g ') was calculated from the CV and GCD curves using
equations 1.7 and 1.8, respectively as described in section 1.4.1 in Chapter 1. The

energy density (E, W h kg?), and power density (P, W kg™) of the cells were
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calculated from GCD curves using equations 1.9 and 1.10, respectively (described in

section 1.4.1 in Chapter 1).

5.3 RESULTS AND DISCUSSION

5.3.1 Physicochemical Characterization

As shown in Figure 5.1, the ternary biomass blend was co-pyrolyzed and the
obtained biochar was activated using KOH to prepare hierarchically porous carbon
(PC-x). To optimize the pore structure of the PC-x, the activation process was
performed with varying KOH content. It is noteworthy that the preparation of porous
carbon was done on a relatively larger scale. Co-pyrolysis was done for 500 g
biomass blend and KOH activation was done for 20 g char and these quantitates are
substantially higher (more than 10x) than the previous studies in the existing
literature. In our experiments, about 7.6, 7, and 6.2 g of porous carbon were prepared
at one time from 20 g of biochar corresponding to x (KOH/biochar wt. ratio) = 3, 4,
and 5, respectively.

The morphologies of the as-prepared porous carbons were examined using
FESEM and TEM (Figure 5.2). It was observed that the PC-3 (Figures 5.2a, d)
sample has a three-dimensional (3D) skeleton formed by carbon sheets. Conversely,
some parts of the 3D sheet-like frameworks of the PC-4 (Figures 5.2b, e) and PC-5
(Figures 2c, ) samples were converted to non-uniform particle-like nanostructures.
These particle agglomerates were formed by the partial collapse of carbon walls as a
result of etching caused by KOH and this etching of carbon frameworks is aggravated
by the increase in KOH content.!” Therefore, a relatively large amount of particle
agglomerates were observed in the PC-5 as compared to the PC-4. Moreover, the

high-resolution TEM images (Figures A4.1, Appendix 4) revealed the presence of
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interconnected networks of abundant micropores and mesopores along with the
amorphous nature of PC-4. The highly porous network of synthesized PC-x makes

them potential candidates for energy storage applications.

Figure 5.2 FE-SEM images of (a) PC-3, (b) PC-4, and (c) PC-5. TEM images of (d)
PC-3, (e) PC-4, and (f) PC-5 (formation of particulate agglomerates is visible with
increasing KOH/biochar ratio)

The formation of these porous carbon samples could be attributed to the
following mechanisms:*® (i) chemical activation (etching of carbon framework) of the
carbon samples via redox reactions between the carbon and the activating agents
(potassium compounds) as shown in reactions R5.1-R5.6; (ii) physical activation
resulting from the gasification of carbon by water vapor and CO; (reactions R5.5-
R5.6); (iii) intercalation of metallic potassium (produced in reactions R5.1, R5.3-
R5.4) inside the lattices of the carbon framework resulting in expansion of the carbon

lattices.
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6KOH + 2C —— 2K + 3H, + 2K,CO, (R5.1)
K,CO,— K,0 + CO, (R5.2)
K,CO, + 2C —— 2K + 3CO (R5.3)
K,O+C — 2K + CO (R5.4)
COo, + C — 2CO (R5.5)
C+HO—CO +H, (R5.6)

The crystallographic structural information of the samples was studied using
XRD. The diffraction patterns of the PC-x exhibited two broad peaks as shown in
Figure 5.3a. The diffraction peaks at ~ 24° and ~ 43° correspond to the (0 0 2) and (1
0 0) graphitic planes, respectively. The broad (0 0 2) peak indicated the low degree of
graphitization, presence of a large number of pores, and disordered nature of the PC-x
samples. These results are similar to the previous literature.®* The PC-x samples
were also studied using Raman spectroscopy. The Raman spectroscopy results
showed the existence of two characteristic peaks at ~ 1355 and ~1590 cm™
conforming to D and G bands, respectively (Figure 5.3b). The G band characterizes
the Ezy mode of sp? hybridized carbon atoms while the D band indicates A, vibration
mode originating from defects present in carbon frameworks.?! The intensity ratio
(Ip/lg) indicates the degree of defects in the carbon materials. The Ip/lg ratio for PC-3,
PC-4, and PC-5 were 1.03, 1.05, and 1.06, respectively. The increase in Ip/lg ratio
could be attributed to the disordered carbon structure resulting from etching by higher

quantities of KOH.
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Figure 5.3 (a) XRD patterns, (b) Raman spectra, and (c) XPS survey spectra of PC-x
samples; high-resolution (d) C1s, (e) O1s, and (f) N1s spectrum of PC-4.

The elemental composition and the surface chemical composition of the
synthesized carbon materials were determined using XPS measurements. Figure 5.3c

shows the XPS survey spectra of the PC-x, which revealed that C and O are the main
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constituents of the carbon samples. Along with C and O, small quantities of N and Si
were also detected in the samples. The Si content could be residual from water
hyacinth and small peaks at 103 and 155 eV could be attributed to the Si 2p and Si 2s,
respectively (Figure 5.3c). Table 5.1 shows the elemental compositions of the PC-x
obtained from XPS. The carbon contents of PC-3, PC-4, and PC-5 were 67.28, 71.56,
and 72.82 at%, while the oxygen contents were 26.91, 23.45, and 23.24 at%,
respectively. The C/O ratio of the samples varies as 2.5, 3.05, and 3.13 for PC-3, PC-
4, and PC-5, respectively. This indicated that the oxygen content in the samples
decreased as the KOH content increased during activation. The deconvoluted C1s
spectra of PC-x showed three peaks centered at 284.8, 286.1, and 288.5 eV (Figure
5.3d, and Figures A4.2a-b in Appendix 4) conforming to C—C, C—O-C, and O—C=0
functional groups, respectively.”*?®* The O1s spectra were deconvoluted into three
peaks at 531.2, 532.8, and 534.2 eV, which could be attributed to C=0, C—O-C, and
O-C=0 groups, respectively (Figure 5.3e, and Figures A4.2c-d in Appendix 4).%%
Additionally, the composition of nitrogen in the PC-3, PC-4, and PC-5 samples were
0.71, 0.39, and 0.44 at%, respectively (Table 5.1). Three peaks were obtained from
the deconvoluted N1s spectra at 398.7, 400.3, and 402.2 eV, which corresponds to
pyridinic-N (N6), Pyrrolic-N (N5), and oxides of nitrogen (N-X), respectively
(Figure 5.3f, and Figures A4.2e-f in Appendix 4).** The N6 and N5 functionalities
can contribute electron lone pairs to conjugated carbon systems and consequently
induce faradaic pseudocapacitance. On the other hand, N-X offers high charge
mobility and is an efficient electron donor.”® Therefore, the introduced nitrogen
heteroatoms could significantly enhance the capacitance of the PC-x. Table 5.1 also
shows the chemical composition of PC-x samples detected by CHNS elemental

analysis. The CHNS elemental analysis further supports the high oxygen content of
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the carbon samples (29.54, 26.71, and 25.98 wt% for PC-3, PC-4, and PC-5,

respectively).

Table 5.1 Elemental compositions (from XPS and CHNS analysis) and ash contents

of PC-x samples

Elemental composition from XPS Elemental composition from CHNS
Sample (at%o) (Wt%)
C o} N Si C H o N

Ash
[%0]

PC-3 67.28 26.91 0.71 51 58.96 2.19 32.24 1.08 5.53
PC-4 71.56 23.45 0.39 4.6 61.60 3.57 27.71 1.68 5.44
PC-5 72.82 23.24 0.44 3.5 64.63 1.78 26.99 1.23 5.37

* calculated by difference

It is noteworthy that the high oxygen content was achieved via self-doping at a
relatively low activation temperature of 700 °C without any additional reagents.
Previous studies have reported that carbon materials derived from biomass having
high lignin content may have abundant oxygen functionalities.?®*" This could be due
to the relatively complex and thermally stable structure of lignin as compared to
cellulose and hemicellulose. The compositions of cellulose, hemicellulose, and lignin
in the three biomass used in this study are listed in Table A4.1, Appendix 4 (reported
in our previous study).™ It could be seen that the lignin content of the sugarcane
bagasse (19.89+0.52 wt%) and yellow oleander (15.76+1.29 wt%) was significantly
higher than that of water hyacinth (5.65+£0.63 wt%). Therefore, the major portion of
the oxygen content in PC-x has plausibly come from sugarcane bagasse and yellow
oleander due to their high lignin content. The presence of such high content of oxygen
functionalities is most likely to improve the wettability of the PC-x electrodes, and
thus, increases the surface area accessed by the electrolyte. Interestingly, these
oxygen-containing groups could also participate in reversible surface redox reactions

contributing to pseudocapacitance to increase the overall capacitive performance. In
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addition, the ash contents of PC-3, PC-4, and PC-5 were found to be 5.23, 5.44, and
5.38 wt %, respectively (Table 5.1). These ash content values are comparable to that

of the wood-based activated carbon available commercially.
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Figure 5.4 (a) N, adsorption-desorption isotherms, and (b) pore size distribution
(PSD) curves of the PC-x samples.

Table 5.2 Porosity parameters of PC-x samples

Sample Seer Ve Vinie Vineso L= Da (Nm)
m’gh  m’gh)  (m’g?) (Mg ViesoVimic
PC-3 1439.22 0.73 0.43 0.30 0.70 2.4
PC-4 2297.68 1.24 0.51 0.73 1.43 2.5
PC-5 1949.53 1.18 0.42 0.76 1.80 2.9

Sger - BET surface area; V; - total pore volume; V. - micropore volume; Vyes, -mesopore volume; L-
ratio of mesopore/micropore volume; D, - average pore diameter

To examine the porosity parameters of the synthesized PC-x samples, the N,
adsorption-desorption measurements were performed. As shown in Figure 5.4a, the
N, adsorption-desorption isotherms of the PC-x samples exhibit combined
characteristics of both type I and 1V isotherms. The rapid N, uptake at low relative
pressure (P/Poy < 0.1) and the almost horizontal nature of the adsorption curve at high

relative pressure indicate the presence of micropores (pore size < 2 nm) in the PC-x
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samples % H4 type hysteresis loops were observed between 0.4 < P/Py < 0.95 for
PC-3, and 0.3 < P/Py < 0.95 for PC-4 and PC-5 samples, which further reveals the
existence of mesopores.®*3 The presence of micropores in PC-x could provide a
large surface area for charge separation, while the mesopores could act as rapid
charge transport pathways and charge assimilation reservoirs.**** The detailed
textural properties of the PC-x samples are illustrated in Table 5.2. The BET specific
surface areas of PC-3, PC-4, and PC-5 were found to be 1439, 2297, and 1950 m? g%,
respectively. Figure 5.4b shows the pore size distribution (PSD) curves of PC-x
samples obtained using the non-local density functional theory (NL-DFT) method.
The PSD curves indicate the presence of micropores and mesopores of 1.6 - 1.94 nm
and 2 - 10 nm sizes, respectively (Figure 5.4b). Total pore volumes of PC-3, PC-4,
and PC-5 were 0.73, 1.24, and 1.18 cm® g*, respectively, with corresponding
micropore volumes of 0.43, 0.51, and 0.42 cm® g™ (Table 5.2). An increasing trend
was observed for both mesopore volume and average pore diameter for PC-x when
the KOH/biochar ratio (x) was gradually increased (Table 5.2). The corresponding
increase in mesopore volume is evident from the rise in the peak of the PSD curve at
~2.5 nm. Seemingly the BET specific surface area and the total pore volume of PC-x
increase with x increasing from 3 to 4, which could be attributed to the development
of hierarchical porous structure constituting micro and mesopores. However, a further
rise in KOH content (i.e. x = 5) resulted in a reduced micropore volume, and
consequently the total pore volume and the BET specific surface area of PC-5 were
lower than PC-4. Thus, the optimal amount of KOH was found to be 4x the amount of
biochar that resulted in the highest specific surface area. Notably, PC-x samples
possess high surface area, despite being activated in relatively large quantities (20 g),

and at low activation temperature (700 °C) in a large reactor. Additionally, these PC-x
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are rich in oxygen functionalities besides having large surface areas. Combining all
these features of large surface area, favorable micro/mesopore distribution, and
heteroatom doping, the synthesized PC-x are expected to demonstrate a superior

capacitive response.

5.3.2 Electrochemical Performance in 6 M KOH

To evaluate the electrochemical performances, symmetric SC cells (as shown
in Figure 5.5a) were assembled using PC-x electrodes and cellulose separators soaked
in 6 M KOH electrolyte and termed as PC-x-SC. The electrode mass loadings were ~
10 mg cm? to commensurate with commercial SC electrodes. The capacitive
responses of the PC-x-SC were first reordered using CV at voltage scan rates of 5 -
100 mV s*. Figure 5.5b depicts the CV curves of the PC-x-SCs over the potential
widow of 0 - 1 V at 20 mV s™. The quasi-rectangular CV curves indicate excellent
capacitive behavior and predominant double-layer characteristics. However, the CV
curve of PC-3 shows a small deviation from the rectangular shape, which could be
attributed to the high content of oxygen present in the sample contributing
pseudocapacitance. The PC-4-SC demonstrated superior capacitive response as
compared to PC-3-SC and PC-5-SC and it is evident from the highest area under the
CV curve in Figure 5b. The better capacitive response of the PC-4 could be attributed
to its exceptionally high surface area (2297.45 m? g*) and optimal heteroatom (O and
N) doping. The large surface area of PC-4 enables higher ion adsorption for double-
layer capacitance and the heteroatoms contribute pseudocapacitance as well as
improve the wettability of the electrodes. At higher scan rates, the CV curves of the
PC-x-SCs (Figure 5.5c-e) slightly deviate from the ideal rectangular shape, which
could be attributed to the insufficient time for diffusion of electrolyte ions to the inner

pores of electrode material.*®
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Figure 5.5 Electrochemical performance of PC-x-SCs in 6 M KOH electrolyte: (a)
schematic of symmetric supercapacitors, (b) CV curves of PC-x-SCs at 20 mV s™; CV
curves of (c) PC-3-SC, (d) PC-4-SC, and (e) PC-5-SC at different scan rates; (f)
specific capacitances of PC-x electrodes at different scan rates

At 100 mV s, the distortion of CV curves was relatively high confirming the
diffusion-limited behavior of the charge storage process.*® Considering the high mass
loading of the PC-x electrodes, the distortion of CV curves at high scan rates is not
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very significant. Therefore, it could be assumed that the well-distributed pore
channels inside the PC-x electrodes serve as efficient charge transfer pathways
resulting in faster ion transport kinetics. At a scan rate of 5 mV s, the specific
capacitances of the PC-3, PC-4, and PC-5 electrodes were calculated as 241.8, 202.2,
and 225.9 F g, respectively. The variation of capacitance with the change in scan
rate is shown in Figure 5.5f. The decreasing capacitance trend corresponding to
increased scan rates could be attributed to insufficient time for electrolyte ion
diffusion, which limits the charge storage to the outer surface only.*® However, at a
high scan rate of 100 mV s™, the PC-3, PC-4, and PC-5 electrodes showed superb
capacitance retention of 69.47, 74.15, and 74.62%, respectively.

The PC-x-SCs were also subjected to GCD measurements at different current
densities (0.2 - 10 A g™). Figure 5.6a shows the GCD curves of the PC-x-SCs at a
current density of 1 A g™. The longer discharge time for the PC-4-SC indicated its
superior capacitance compared to the PC-3-SC and PC-5-SC. The GCD curves of the
three PC-x-SCs (Figure 5.6b-d) were of linear and triangular symmetric shape that
displays superior capacitive behavior with a major contribution from double-layer
charge storage. The gravimetric capacitance of PC-4 electrodes were found to be
251.6 F g at 0.2 A g, which was 21.8% and 10.4% higher than the respective
capacitances of PC-3 (206.5 F g) and PC-5 (227.9 F g™) electrodes at similar
conditions. The surface area of PC-4 and PC-5 were 60% and 35.4% higher than that
of PC-3. However, the capacitances of PC-4 and PC-5 were only 21.8% and 10.3%
higher compared to the capacitance of PC-3. This behavior can be explained by the
higher pseudocapacitance contributed by the relatively larger number of oxygen
functionalities of PC-3 (C/O = 2.5) as compared to PC-4 (C/O = 3.05) and PC-5 (C/O

= 3.13).
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Figure 5.6 Electrochemical performance of PC-x-SCs in 6 M KOH electrolyte: (a)
GCD curves of PC-x-SCs at 1 A g™*; GCD curves of (b) PC-3-SC, (c) PC-4-SC, and
(d) PC-5-SC at different current densities; (e) specific capacitances of PC-x electrodes
at different current densities, (f) cycle stability of PC-x-SCs

The capacitances of PC-x-SCs decreased with increasing current densities, and the

same is visible from the shorter periods for charge-discharge in GCD curves (Figures

5.6b-d) at higher current densities. This decreasing capacitance trend could be
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attributed to insufficient time for ion diffusion during charge storage and hindered ion
propagation during the delivery due to the resistance devising from the interaction of
the functional groups attached to carbon (or dangling bonds) and the electrolyte.*’
Figure 5.6e depicts the capacitance variation of PC-x electrodes with current
densities. The PC-5 electrodes showed the best rate capability among all and retained
about 74.29% (169.30 F g™*) capacitance with an increase in current density from 0.2
to 10 A g*. Whereas, the PC-4 (179.73 F g*) and PC-3 (141.52 F g™) electrodes
exhibited capacitance retention of 71.43% and 65.61%, respectively at 10 A g™
(Figure 5.6e). The lower rate capability of the PC-3 electrodes could be credited to its
low mesopore/micropore volume (L = 0.7) and relatively high content of surface
oxygen groups, which leads to sluggish kinetics of charge storage at high current
densities. The mesopore/micropore volume of PC-4 (L = 1.43) is lower than PC-5 (L
= 1.80), and oxygen-containing groups in PC-4 are marginally higher than PC-5.
Therefore, PC-4 electrodes showed slightly reduced rate capability as compared to
PC-5 electrodes. Rise in rate capability with an increase in mesopore/micropore
volume could be attributed to the fact that mesopores act as ion reservoirs during
charge storage and reduce the ion diffusion length to facilitate rapid charge transport
at high current densities. The large surface, optimal oxygen and nitrogen
functionalities along the favorable micro/mesoporous structure of the PC-4 resulted in
its high capacitive performance by balancing the contribution from double-layer
capacitance and pseudocapacitance. The IR drop (voltage drop) values for the PC-x-
SCs were obtained from the GCD curves. At the current density of 0.2 A g™, the IR
drop values for the PC-3-SC, PC-4-SC, and PC-5-SC were 0.051, 0.036, and 0.030 V,
respectively. The IR drop values increased to 0.11, 0.087, and 0.082 V, respectively

for the PC-3-SC, PC-4-SC, and PC-5-SC when the current density was increased to

TH-2919_166151010 172



Biomass blend derived porous carbon for aqueous supercapacitors

10 A g*. The low IR drop values of the SCs suggest rapid charge transport at the
electrode-electrolyte interface and very insignificant capacitance loss due to internal

resistance originating from the electrode-current collector interface.?? Furthermore,

. . L A
the high Columbic efficiencies (n:A—tdme%; where At; and Aty are the charge

c
time and discharge time, respectively) of ~ 99.10, 99.34, and 99.55% (average
values), respectively for PC-3-SC, PC-4-SC, and PC-5-SC indicate the excellent
charge and discharge reversibility of the devices. The specific capacitance values
obtained for the PC-4 electrodes are at par with the supercapacitors fabricated using
carbon derived from individual biomass, as evident from previous literature
summarized in Table A4.2 (Appendix 4). Although many studies in the literature
have reported very high specific capacitance values, these have been restricted by low
electrode mass loadings (< 5 mg cm™). The low active mass loadings result in poor
actual capacity (due to the low mass ratio of active material to cell components)
restricting their practical utility in commercial energy storage devices. Typically, high
active mass loading of 10 mg cm? or higher should be used considering
commercial/practical applications.®® Nevertheless, at high active mass loadings,
capacitance, as well as the rate capability of electrode materials, decreases drastically
due to a reduction in electro-active sites due to severe pore blockage.*® Remarkably,
the capacitive performance of PC-x with commercial level mass loadings was superior
compared to that of the previous carbon-based materials with high mass loadings as
shown in Table A4.3 (Appendix 4). The well-designed pore structure with optimal
mesopore/micropore volume of the synthesized PC-x enabled efficient charge
transportation inside the electrode, and therefore, high capacitance values were
obtained at high electrode mass loadings. Additionally, the comparative evaluation of

the supercapacitor properties revealed that mixing of different biomass during the
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synthesis of porous carbon precursor does not compromise the properties of a
supercapacitor. This result is important as it clearly reveals the flexibility of synthesis
in terms of the raw materials and paves way for scalable production of mixed
biomass-based carbon materials.

The cycle stability of SCs is an essential parameter that indicates the
capacitance retention ability of the active materials over prolonged charge-discharge
cycles. The cyclic performances of the PC-x-SCs (in 6 M KOH electrolyte) were
evaluated over 10000 GCD cycles at 5 A g'. After 10000 continuous charge-
discharge cycles, PC-3-SC, PC-4-SC, and PC-5-SC retained about 89.4, 96.8, and
97.7% of their initial capacitance, respectively (Figure 5.6f). These results indicated
the high cycle stability of the fabricated PC-x-SCs using KOH electrolyte. Relatively
lower capacitance retention of PC-3-SC could be attributed to the fact that more
oxygen-containing functional groups were contributing to the charge storage process
of PC-3 via pseudocapacitance, which faded over the repetitive charge-discharge
cycles. It was also observed that the specific capacitances of the PC-x-SCs gradually
increased in the initial GCD cycles, which could be attributed to the process of self-
activation.?? The electrolyte ions could not use the pore structure of the high mass
loading PC-x electrodes at the beginning of the cycle stability tests. As the charge-
discharge process progresses, the electrolyte ions can infiltrate deeper into the pore-
structure of the electrode material, which increases the electrochemically active area.
Consequently, the additional charge can be stored, and the capacitance increases
which is referred to as the self-activation process.

The impedance features of the PC-x-SCs were studied using EIS in the range
of 10° - 0.1 Hz with a signal of 10 mV s™. The Nyquist plots of the PC-x-SCs

obtained from EIS measurements are depicted in Figure A4.3a (Appendix 4). A
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series resistance (R;), representing the combination of ionic resistance of electrolyte
and any resistances of cell components can be obtained from the intercept of EIS
spectra in the real Z axis (at high frequency).® Afterward, the impedance spectra of
the PC-x-SCs display a circular arc and a straight line (at the low-frequency),
exhibiting an ideal supercapacitive response. The semi-circle relates to the charge
transfer resistance (R during the charge transport process.***° The R; values for the
PC-x-SCs were 0.27 - 0.31 Q before cycle stability tests, which indicated high ionic
conductivity of the electrolyte and low intrinsic resistance. The R values were
obtained using the equivalent circuit shown in inset of Figure A4.3a (Appendix 4).
The R values for PC-3-SC, PC-4-SC, and PC-5-SC before stability tests were 0.93,
0.76, and 0.89 Q, respectively. After 10000 GCD cycles, the Rs values (0.26 - 0.30 Q)
did not change much whereas the R values were reduced to 0.61, 0.54, and 0.62 Q,
respectively for PC-3-SC, PC-4-SC, and PC-5-SC. Low R and R values are
indicative of fast charge transfer kinetics and excellent electrochemical stability of
PC-x electrodes over repetitive charge-discharge tests. Moreover, the impedance
spectra of the PC-4-SC and PC-5-SC in the low-frequency region were more vertical
than those of the PC-3-SC demonstrating relatively low diffusion resistance that
facilitates better charge transfer dynamics inside the porous electrodes.** Conversely,
the PC-3-SC exhibits slightly higher diffusion resistance in the high-frequency region
owing to relatively more surface oxygen groups participating in the charge storage.
The EIS results further support the better rate capability of the PC-4-SC and PC-5-SC
resulting from efficient and rapid ion transportation.

The PC-4-SC revealed the highest energy density of 8.74 W h kg™ (at a power
density of 100 W kg™), which is 1.22x and 1.1x the energy density of PC-3-SC (7.17

W h kg™), and PC-5-SC (7.91 W h kg™) at the same power density (Figure A4.3b,
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Appendix 4). This high energy density of the PC-4-SC could be correlated to the
large surface area of PC-4 enabling the storage of a large amount of charge and
pseudocapacitive contribution from heteroatom doping. At a high power density of
5000 W kg™, the PC-4-SC could still deliver 6.24 W h kg™ of energy density.
Additionally, the PC-3-SC and PC-4-SC exhibited energy densities of 4.71 and 5.88
W h kg'l, respectively at 5000 W kg™. These high energy densities at high power
densities suggest efficient and rapid charge delivery of the PC-x-SCs due to the
presence of favorable pore networks. Figure A4.3b (Appendix 4) depicts the
comparison of energy and power densities of PC-x-SCs in a Ragone plot. Moreover,
the inset in Figure A4.3b (Appendix 4) shows a red LED powered by two PC-x-SC

cells.

5.3.3 Electrochemical Performance in 1 M Li,SO, Electrolyte

The energy density of SCs can be greatly enhanced by widening the cell voltage.
Neutral aqueous electrolytes have shown high electrochemical stability and could
operate beyond the decomposition potential of water (1.23 V) due to their ability to
suppress gas evolution reactions.*” Among these neutral aqueous electrolytes, Li;SO,
has demonstrated excellent electrochemical stability at wide operating voltages (~2
V).®® Therefore, we tested the PC-4-SC using 1 M Li,SO, as the electrolyte in
different potential windows (1 - 2 V), and the results are presented in Figure 5.7a.
The CV curves of the device retained their quasi rectangular shapes even at 2 V. This
indicates a high working potential window of 2 V for the symmetric device in Li,SO4
electrolyte. Figure 5.7b shows the CV curves of PC-4-SC at scan rates of 5 - 100 mV
s™. At high scan rates, the small deviation of CV curves from the quasi-rectangular

shape showed the stability and efficient charge transport behavior of the PC-4
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electrodes at a high operating voltage of 2 V. The specific capacitances of PC-4 at

different scan rates are shown in Figure 5.7c.
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Figure 5.7 Electrochemical performance of PC-4-SC in 1 M Li,SO4: (a) CV curves of
the SC at different potential windows; (b) CV of the SC curves at different scan rates;
(c) specific capacitances of PC-4 electrodes at different scan rates; (d) GCD curves of
the SC at different current densities; (e) specific capacitances of PC-4 electrodes at

different current densities; (f) long-term cycle stability of the SC.

TH-2919_166151010

177



CHAPTER 5

In Li,SO4 electrolyte, the PC-4 electrodes exhibited a specific capacitance of 171.5 F
gt at5mV s, which reduced to 114 F g™ (66.5%) at 100 mV s. The symmetric and
linear GCD curves (at 0.2 - 20 A g™) of the PC-4-SC suggest a superior capacitive
response of the device in the neutral Li,SO, electrolyte (Figure 5.7d and Figure
Ad.4a, Appendix 4). The gravimetric specific capacitance of the PC-4 electrodes was
calculated to be 163.8 F g at 0.2 A g™ (Figure 5.7¢). As the current density of the
device was gradually increased to 20 A g*, the capacitance of PC-4 electrodes
reduced to 108.5 F g™ (66.25% of capacitance at 0.2 A g™). This high rate capability
could be attributed to the rapid charge transfer inside the electrodes. The IR drop of
the device increases from 0.082 to 0.183 V with the corresponding increase in current
density from 0.2 to 20 A g™. An excellent Coulombic efficiency of ~ 99.42% (average
value) demonstrates the high charge and discharge reversibility of the PC-4-SC in
Li,SO, electrolyte. Moreover, the neutral SC demonstrated excellent cycle stability
with 96.8% capacitance retention over 10000 cycles at 5 A g™ (Figure 5.7f). The
Nyquist plots (Figure A4.5, Appendix 4) also indicated superb capacitive behavior of
the device along with low resistance. R value increased from 0.86 to 1 Q and the R
value increased from 0.97 to 0.98 Q at the end of cyclic stability tests. This increase in
resistances could be ascribed to the degradation of active material. The PC-4-SC in
Li,SO, electrolyte delivered a superb energy density of 22.75 W h kg™ (at 200 W kg’
1), which is considerably higher than the energy density of the device in KOH
electrolyte (8.74 W h kg™ at 100 W kg™). The Ragone plot in Figure 5.8a illustrates
that the energy density values of the neutral PC-4-SC are superior to many of the
earlier reports on carbon-based supercapacitors.**>* At a high power density of 10000
W kg, PC-4-SC delivered a noticeable energy density of 15.62 W h kg™*. The use of

Li,SO, as the electrolyte extended the cell voltage up to 2 V in contrast to 1 V with
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KOH as electrolyte. By virtue of this wide potential window, the energy density of the
device was augmented by multiple folds. The applicability of the fabricated 2 V
device was practically demonstrated by powering a red LED for more than 8 minutes

(schematic and photograph shown in Figure 5.8b).
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Figure 5.8 (a) Ragone plot of PC-4-SC in 1 M Li,SO,4 and comparison with carbon-
based SCs in literature; (b) schematic and a digital photograph of a LED powered by
PC-4-SC in 1 M Li,SOy; (c) percentage of the capacitance contribution evaluated for
PC-4 in Li,SQO; electrolyte based on Trasatti's method.

It is essential to comprehend the capacitive behavior of PC-4 as it is expected
to demonstrate both double-layer capacitance and pseudocapacitance. The double-
layer capacitance would be contributed from the carbon matrices whereas the
pseudocapacitance originates from the heteroatom (O and N) containing surface
functionalities. Therefore, the capacitive contributions from surface-controlled
processes (electrical double layer formation) and diffusion-controlled processes
(pseudo-capacitive reactions) for the PC-4-SC were investigated using the Trasatti

method.>®*** The Trasatti’s method has been already described in Chapter 2. The

plots ﬁ versus A"*and C(%) versus A% (where, C is the capacitance and A is the
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scene voltage scan rate) are shown in Figures 4.6a-b (Appendix 4), respectively, and
capacitance contributions for the PC-4-SC were calculated from these plots. As shown
in Figure 4.8c, the double layer charge storage contributes 69.08% of the total
capacitance of the device whereas the pseudocapacitance (PC) accounts for 30.92%.
The superior capacitive performance of the PC-4 can be attributed to the
following facets: (i) heteroatom (oxygen and nitrogen) doping in PC-4, which
contributes pseudocapacitance and improves the wettability of the electrodes, and (ii)
large surface area and hierarchical pore structure of PC-4 with optimal micro- and

mesopore distribution that facilitates rapid and efficient ion diffusion.

5.3.4 Electrochemical Performance in Redox-Mediated/Active electrolyte

The use of redox additives can augment the performance of the SCs with
additional faradaic charge storage via redox reactions. In redox-enhanced SCs, the
dead weight of the electrolyte is effectively used to host redox couples, and the pores
of electrodes act as reservoirs for redox couples.> For augmenting the energy density
of the neutral aqueous PC-4-SC, Na,MoO, (0.1 M) was used as the redox additive in
the 1 M Li,SO, electrolyte. The capacitive performance of the PC-4-SC was
investigated in the novel redox-mediated/active electrolyte (0.1 Na;MoO, + 1 M
Li,SO4) and the results are presented in Figure 5.9. As shown in Figure A4.7
(Appendix 4), the redox-enhanced device could also operate in the high potential
window of 2 V. The CV curves of the PC-4-SC in both Li,SO, and redox-active
electrolyte are compared at a scan rate of 20 mV s™ (Figure 5.9a). The larger CV area
for the device in redox-mediated electrolyte indicated the enhancement in the

capacitive response due to the addition of Na,MoQO,.
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Figure 5.9 Electrochemical performance of PC-4-SC in the redox-mediated
electrolyte (0.1 Na;MoO4 + 1 M Li,S0O,): (a) comparison of CV curves of the SC in
redox and Li,SO, electrolyte; (b) CV curves at different scan rates; (c) specific
capacitances of PC-4 electrodes at different scan rates (comparison with Li,SO,); (d)
comparison of GCD curves of the SC in redox and Li,SO, electrolyte; (e) GCD
curves of the SC at different current densities; (f) specific capacitances of PC-4

electrodes at different current densities (comparison with Li,SO).

A pair of redox peaks appeared in the redox-active electrolyte, which could be

attributed to the reactions of MoO?~ ions:
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MoO;™ + 8H"+ 68~ «—>Mo + 4H,0 (R5.1)
However, at the positive electrode oxidation of water can occur (at high cell voltages),

which reduces the local pH. As a result, the MoO; could also transform into

HMoO, (at pH < 6) and ultimately form Mo03.”® Essentially, the appearance of the

redox peaks, as well as the increase in anodic peak, revealed the contribution from
pseudocapacitance along with the double-layer capacitance. Figure 5.9b shows the
CV curves (at 5-100 mV s™) of the PC-4-SC in the redox-mediated electrolyte. The
CV curves of the device retained a similar shape at higher scan rates but the redox
peaks were relatively low at 100 mV s, suggesting the relatively slow redox kinetics.
The PC-4 electrodes exhibited high capacitance of 2645 F g* at 5 mV s in the
redox-active electrolyte, which is 1.54x higher than the capacitance in Li;SO4
electrolyte (Figure 5.9¢). In the redox-active electrolyte, the PC-4 electrodes retained
66.38% (175.6 F g™) of its capacitance at 100 mV s*. The enhancement in the
capacitance due to the redox mediator (Na,MoQ,) is also evident from the comparison
of GCD curves (at 1 A g™) of the PC-4-SC in Li,SO, and redox-mediated electrolyte
(Figure 5.9d). The GCD curves of the PC-4-SC in redox electrolyte (Figure 5.9e and
Figure A4.4b, Appendix 4) were quasi-linear and also show influence of redox
behavior. In the redox-mediated electrolyte, the PC-4 electrodes displayed a
remarkable capacitance of 268.1 F g at 0.2 A g™, which is 1.63x the capacitance in
Li,SO, electrolyte (Figure 5.9f). The electrodes could retain 66.16% (177.4 F g*) of
their initial capacitance at 20 A g™ in the redox-mediated electrolyte. The high rate
capability in the redox-active electrolyte could be attributed to the efficient pore
structure (having abundant micro- and mesopores) of PC-4. The mesopores of PC-4
serve as the reservoirs for electrolyte and redox species, which could reduce the

length of ion diffusion inside the micropores and augment the charge storage capacity.
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Figure 5.10 (a) Long-term cycle stability and (b) Ragone plot (comparison with
Li,SO,) of the PC-4-SC in the redox-mediated electrolyte (0.1 Na;MoO, + 1 M
Li,SOy)

It was observed that the IR drop (0.09 - 0.185 V at 0.2 - 20 A g™) of the PC-4-SC in
the redox-active electrolyte was comparable to that in the Li,SO,4 electrolyte. The
Coulombic efficiency of the redox-enhanced PC-4-SC was 96.84% (average value),
which is slightly lower than that of the device in Li,SO, electrolyte. The redox-
enhanced PC-4-SC demonstrated superb cycle stability with 95.1% capacitance
retention over 10000 cycles at 5 A g™ (Figure 5.10a). This indicated that the stability
of the device was not affected due to the addition of redox additive. The redox-
enhanced PC-4-SC exhibited significantly improved energy density due to the redox
reactions originating from the redox-active electrolyte (Figure 5.10b). The redox-
enhanced device delivered a markedly high energy density of 37.24 W h kg™ (at 200
W kg™), which was 1.64x higher compared to the energy density of the device with
neat Li,SO, (22.75 W h kg™) at similar conditions. Remarkably, the energy density of
the redox-enhanced SC was as high as 25.55 W h kg™ at the high power density of
10000 W kg™. The Nyquist plots did not show any significant change in the

impedance behavior of the device after adding Na,MoQO, in the Li,SO,4 (Figure A4.5,
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Appendix 4). The charge transfer resistance of the device increased marginally after
cycle stability tests. These results indicate synergistic interactions of the redox-active
electrolyte and the highly porous PC-4 electrodes, which boosted the energy density
the device through efficient charge transportation as well as reversible and quick

surface redox reactions.

5.4 CONCLUSIONS

In summary, we have demonstrated a scalable preparation of high surface area
oxygen rich porous carbon (PC-x) from biomass blends via co-pyrolysis, and facile
low-temperature activation. The oxygen functionalities were achieved via self-doping
at a low activation temperature of 700 °C without any additional reagents. The
optimized PC-4 possessed a surface area of 2297 m® g, pore volume of 1.23 cm® g,
micro/mesopore distribution, and surface oxygen functional groups. In KOH
electrolyte, the PC-4 demonstrated capacitance of 251.6 F g™ (at 0.2 A g™) and
excellent cycle stability at commercial-level electrode mass loading of ~10 mg cm™.
The PC-4 based symmetric SC achieved a high cell voltage of 2 V in Li,SO,
electrolyte and delivered an energy density of 22.75 W h kg™ (at 200 W h kg™).
Moreover, the device showed high capacitance retention of 96.8% over 10000 GCD
cycles at 5 A g™*. Using a redox-mediated electrolyte (Na,MoO, + Li,SO,), the energy
density of the device was enhanced to 37.24 W h kg™, which was 1.64x and 4.3x
higher than the energy density in Li,SO, and KOH. The supercapacitor fabrication
route demonstrated in this study is sustainable as it is based on carbon derived from
renewable source of biomass. Secondly, the performance of the supercapacitor
fabricated with biomass blend-derived carbon is at par with those fabricated with

single biomass-derived carbon. This feature has important implications from
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viewpoint of large-scale manufacture of biomass-based energy storage devices, as it

offers the flexibility in terms of raw materials (or feedstocks).
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CHAPTER 6

OVERVIEW AND SCOPE

FOR FUTURE WORK

6.1 SUMMARY OF THE MAJOR OUTCOMES

This thesis has presented an investigation in the synthesis of four electrode
materials for supercapacitors, including nanocomposites (Fe3O4/rGO and
MWCNT/MnO,/rGO), and carbon materials (rGO and PC-x). The two
nanocomposites were synthesized via the facile ultrasound-assisted synthesis method.
Using ultrasound in the synthesis generates intense microconvection in the reaction
system. The propagation of ultrasound waves induces high-frequency oscillations of
fluid elements at a very small spatial scale. The amplitude of oscillation (a) of fluid
elements in our system was calculated to be a = 0.43 um (as described in Chapter 2).
This intense microconvection at a small spatial scale is highly effective in unfolding
graphene sheets. Subsequently, various nanoparticles can be grown and intercalated in
the graphene sheets to synthesize nanocomposites with relatively high surface area.
The reduced graphene oxide (rGO) was synthesized via the chemical reduction of
highly oxidized graphene oxide (prepared via a modified Hummers’ method). Co—
pyrolysis and KOH activation process were used to prepare the oxygen-enriched
porous carbon (PC—x) from a ternary biomass blend. The synthesized materials have
been extensively characterized using standard techniques to determine their
physicochemical properties. Electrochemical performances of these materials have

been investigated in a two—electrode (full-cell) configuration using the CV, GCD, and
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EIS techniques. The fabricated supercapacitors have been demonstrated to possess

excellent electrochemical properties.

The major conclusions of the studies presented in this thesis are summarized below:

» In Chapter 2, we have reported the ultrasound-assisted synthesis of a Fe;04/ rGO
nanocomposite having a high BET-specific surface area of ~332 m? g* and
mesoporous structure. This high surface area of the nanocomposite was achieved
through the application of sonication, which induced the unfolding of rGO and
generated additional active sites for nucleation of Fe3O, nanoparticles. Benefiting
from the increased electrochemically active surface area the structural features,
the Fe304/rGO based all-solid—state supercapacitor with PVA/KOH polymer—gel
electrolyte exhibited high cell-specific capacitance of 169.2 F g* (at 1 A g*) and
~84.5% capacitance retention over 6000 cycles (at 5 A g ). The all-solid—state
supercapacitor displayed an energy density of 8.46 W h kg™ at a power density of
338 W kg .

» Chapter 3 reported a ternary MWCNT/MnO,/rGO (MnGC) nanocomposite
synthesized by a facile ultrasound-assisted one-pot method. The synergistic effect
of simultaneous growth of MnO, on the graphene and MWCNTS under ultrasonic
irradiation resulted in the formation of a porous ternary structure with efficient ion
diffusion channels, maximum utilization of active surface area of MnO,, reduced
diffusion length, and rapid electron transport via its conductive network. As a
result, the MnGC nanocomposite demonstrated superior capacitive performance
as compared to binary nanocomposites (MnO,/rGO and MnO,/MWCNT). The
supercapacitor based on commercial-level mass loading (~12 mg cm %) MnGC
electrodes exhibited high electrode-specific capacitance of 314.6 Fg *at5mV s *

and excellent cycle stability with no capacitance loss after 5000 cycles (5 A g™).
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The MnGC-based supercapacitor exhibited a high energy density of 21.2 W h kg™
at 150 W kg at a wide cell voltage of 1.5 V in 1 M Na,SO, electrolyte.

» Chapter 4 demonstrated an eco-friendly and sustainable approach for developing
high-energy-density aqueous supercapacitors. Firstly, rGO-based supercapacitors
(rGO-SCs) having commercial-level electrode mass loadings have been
investigated in different aqueous electrolytes viz. 1 M H,SO,4 (0-1 V), 6 M KOH
(0-1 V), and 1 M Li,SO,4 (0-1.8 V). The rGO-SCs demonstrated an energy
density of 15.39 W h kg™* (at 180 W kg %) in neutral Li,SO, electrolyte, which is
~2.6-3x higher compared to the acidic and alkaline electrolyte. This higher
energy density was achieved due to the extended cell voltage in the Li,SO4
electrolyte. Furthermore, the energy densities of the rGO-SC were improved
using two facile strategies: (i) using pseudo faradaic contributions from redox—
active electrolyte, and (ii) widening the cell voltage using low—cost water—in—salt
(WIS) electrolyte. Incorporating Na;MoO, (0.1 M) as the redox—additive in
Li,SO, increased the energy density to 21.42 W h kg™ (at 180 W kg ™) via redox
contributions from the electrolyte. The high voltage (2.1 V) supercapacitor
fabricated with 11 M NaNOj (WIS) electrolyte delivered an energy density of
22.87 Whkg™ (at 210 W kg ™).

> In Chapter 5, oxygen-enriched porous carbon (PC-x) was prepared via co-
pyrolysis, and activation of a ternary mixture of biomass (viz. sugarcane bagasse,
water hyacinth, and yellow oleander). The PC-x possessed large surface area
(1439 - 2297 m? g™), high pore volume, rational micro/mesopore distribution, and
surface oxygen functionalities (C/O = 2.5 - 3.1). The optimized PC-x electrodes at
commercial electrode mass loading (~ 10 mg cm™) unveiled a high gravimetric

capacitance of 251.6 F g, high rate capability, and cycle stability in a 6 M KOH
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electrolyte. Furthermore, an aqueous symmetric supercapacitor fabricated in 1 M
Li,SO, electrolyte achieved a high cell voltage of 2 V and energy density of 22.75
W h kg™ (at 200 W kg™) along with 96.8% capacitance retention over 10000
cycles. Using Na,MoOy as the redox—additive, the energy density of the device
was further augmented to 37.24 W h kg™ (at 200 W kg™) without compromising

the cycle stability.

6.2 SCOPE FOR FUTURE RESEARCH

This thesis has focused on the development of nanocomposites and carbon
materials to fabricate high-performance supercapacitors. The present work can be
further advanced in several directions and some suggestions for future work are as

follows:

1. The nanocomposites in the present study were synthesized using an ultrasound—
assisted approach. In this regard, the effect of various parameters of ultrasound
like power and frequency in synthesized materials can be studied. Moreover,
multi-transducer ultrasonic reactors can be designed to scale the synthesis process
of these nanocomposites.

2. The charge storage reaction mechanisms of the synthesized materials can be
further investigated using in situ/ operando techniques (in situ/ operando XRD,
XAS, XPS, AFM, SEM, TEM) without disassembling the device, which could
help in revealing of the crucial Kkinetic information. These in situ/ operando
characterization techniques enable researchers to identify the detrimental and
favorable mechanisms in existing materials and to develop new materials with

improved properties.
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Overview and recommendations for future work

3. Flexible and micro—supercapacitor configurations are suitable for miniaturization
and integration with flexible microcircuits for wearable and implantable
biomedical devices, remotely rechargeable sensors, and various Internet of Things
(10T) devices. The aforementioned supercapacitor configurations can be explored
for the synthesized materials.

4. Electrode processing techniques (such as laser scribing, plasma treatment, etc.)
can be employed to create micro scale trenches on the electrode which can further
improve the electrochemical performance.

5. Molecular simulations is a powerful tool and it can be employed to further
understand the various parameters such as the roles of mesopores and macropores
in ion diffusion, electrode—electrolyte interaction, etc., which could be helpful for

designing high—performance electrodes.
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Appendix 1

Table Al.1 Elemental compositions of GO and rGO from CHN analysis

Sample C (wt. %) H (wt. %) N (wt. %) O (wt. %)
GO 41.5 3.2 0 55.3
rGO 89.0 0.6 1.9 8.5

Table Al.2 Porosity parameters of the samples

Sample Sger (M*g™) Vr(cm®g™?) Da(nm)
rGO 555.20 0.49 3.57
Fe30y4 104.83 0.27 9.19
Fe304/rGO 332.34 0.36 4.34
Fe304/rGO 227.18 0.30 5.30

(without ultrasound)
Sget - BET surface area; V7 - total pore volume; D, - average pore diameter

Table Al1.3 Magnetic parameters of the of Fe;04 NPs and Fe3O4/rGO nanocomposite

measured using vibrating sample magnetometer

Parameter Fe304 Fe304/rGO
Coercivity (Oe) 22.37 16.57
Magnetization (emu g™*) 56.44 46.48
Retentivity (emu g™) 1.61 0.80
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Table Al1.4 Comparative evaluation of capacitance of symmetric solid-state

supercapacitor devices

. Voltage Specific Cycle
Electrode materials Electrolyte window (V) capacitance  stability Ref.
380 F ot 90 % after
PEDOT:PSS/IMWCNT  PVA/KOH 1 g 4 1000 !
at0.25A¢g
cycles
91.8%
-1
ZNnSICNTS PVAIKOH 1 196F 9" terso00 2
atlAg
cycles
N-doped cotton-derived 200 F g 94 % after
carbon frameworks PVA/KOH 1 at 0 12 1 10000 3
(NCCF)-rGO - Al cycles
- 80 % after
Polyaniline-coated 201Fg* 4
carbon nanofibers tgF SO 04 at0.25 A g™’ RU0O
cycles
93.4%
-1
ZnCo,0,/rGO PVA/KOH 0.4 yroF g_l after 5000 °
atlAg
cycles
1 90.2 %
Porous carbon PVA/KOH 0.8 81.3Fg ,  after6000 °
at05Ag
cycles
0
204 F g* 80.36 % ;
MWCNTs/MnO, PVA/Na,SO, 1 o after 2500
at1 mA cm
cycles
Porous single-walled
carbon nanotube/poly- 53 F gt 100 %
(3.4- PVA/H,PO, 0.9 o Ag . after1000 °
ethylenedioxythiophene) g cycles
(SWCNT/PEDOT)
1 84.5 % .
Fes0,/rGO PVA/KKOH 06 1692F g rergooo TS
atlAg work
cycles
198
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Table A1.5 Comparison of electrochemical performance Fe3O4/rGO electrodes with

recently reported iron oxide carbon-based electrodes

Cycle

Materials Method Electrolyte  Capacitance stability Ref.
Fe,0,-carbon 1M 163.4Fgtat 93% after 9
nanosheets Solvothermal Na,SO4 1Ag* 5000 cycles
Carbon 1 91% after
. 117.2 F t
nanotube/cubic Hydrothermal 6MKOH ") c?n'za 500 cyclesat  1°
Fes0, 10 mA cm™
89% after
s 1M 436 F-gtat1
FeO,/CNF Electrospinning "< A3?6_1 g atl 5o00 cycles M
2 2 at1A-g
Hydrothermal 661 F g™ at 12
Fe;O4/graphene ot 1 M KOH 1Ag -
Three step 368 F g’ at 13
FesO4/graphene method 1 M KOH 1Agh
Fe304/reduc§d Solvothermal 1 M KOH 480 F_lg'1 at ) 14
graphene oxide process 5A¢g
Hydrolysis and 1
Fe304/reduc_ed . i 6 M KOH 350.6 F_lg at 15
graphene oxide 1mVs
process
d Reflux and 4l 91.9% after
FesO/Nitrogen- o sMKOH 222TF97 8 oh00 cvcles2 1
Doped Carbon . 05A¢g 1
expansion Ag
64.5% after
Mn30,- . 590.7 F/g at 17
Fe,04/Fe,0,@rGO Microwave 1M KOH 5mV sl 1000 cycle_sl
at 50mV s
*676.8 F g™
| - 4.5 % Thi
Fe,0,/tGO U t_rasound PVA/KOH  at 84.5 % after is
assisted method 1A g 6000 cycles  work

*Gravimetric capacitance (Cy) of active material can be expressed as: Cq = 4 C;
where, Cs = gravemetric specific capacitance of symmetric supercapacitors
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Figure A1.2 Raman spectra of graphite, GO and rGO
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Figure A1.7 Equivalent circuit of ASSCs

Figure Al8 (a) FE-SEM and (b) TEM images Fes3O,/rGO nanocomposite

synthesized without ultrasound
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A2.1 Purification of Multi-Walled Carbon Nanotubes (MWCNTS)

The MWCNTSs obtained from Reinste Nano Ventures Ltd. were purified with
nitric acid before use. MWCNTSs (2 g) were added to a nitric acid solution (20%) and
sonicated for 15 min. The suspension was then refluxed at 80 °C under continuous
stirring for 6 h. Finally, acid-treated MWCNTSs were separated via filtration and

washed with excess water (to obtain neutral pH), and vacuum dried.

A2.2 Synthesis of MnO,

MnO, nanoparticles were synthesized by a redox reaction between Mn** and
Mn’*. 3 mmol MnS0O,-H,0 was dissolved in 200 mL ultrapure water and 80 mL of
KMnQO, (0.025 M) solution was added dropwise into the former solution under
continuous sonication. After the addition of KMnO,, the solution was further
sonicated for 30 min. A dark-brown precipitate was separated after filtration and
washed with ultrapure water. The MnO, powder was obtained after drying the filtrate

at 70 °C.

Table A2.1 BET surface area results of samples

Sample Sger (M g™) Vi (cm® g™ da (nm)
MnO, 175.07 0.33 4.40
MWCNT 252.48 1.89 6.32
MnC 189.09 1.22 7.42
MnG 434.24 0.47 4,05
MnGC 313.22 0.95 4.59

Sger — BET surface area; V, — total pore volume; da — average pore diameter
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Table A2.2 Capacitive performance of binary graphene/carbon nanotube based manganese oxide nanocomposites for SCs

Materials Mass loading Electrolyte Potential Capacitance Capacitance retention Ref.
(mg cm?) Window

rGO/MnOy 2 05MNaSO, 0-08V 202Fg ' (1mVs™ 106% (115000 cycles at 12 A g ™) !
19 25Fcm?(~ 1316 Fgh)

MnO,/CNT ~2-3 1 M Na,SO, 0-09V 223Fg*(10mVs? 2

CNT/MnO, 1 M Na,SO, —-0.1-08V 2578Fg'(2mVs? 63% (800 cyclesat 1 Ag™) 3

MnO,—CDGs 1 1 M Na,SO, 0-1V 480F gt (02AgH 94% (5000 cyclesat 1 Ag ™) 4

HsPOL/PVA 280Fg ' (1AgY 94.7% (10000 cyclesat 1.2 Ag™)

MnO,/AG 7-14 1 M H,S0, 0-1V 256 Fg'(0.25A g™ 87.7% (1000 cycles at 15 A g™) >

MnO,/graphene 5 1 M Na,SO, 0-1V 466.7Fg (1A g™ 92% (2000 cyclesat 1 A g™) 6

MnO,/NG 2 5 M LiCl 0-1V 305Fg'(5mVs?) 90.511% (1500 cycles at mA cm™ !

%)

*3D printed 45.2 3 M LiCl 0-08V 231.9Fg* (0.5 mAcm?) 92.9% ( 20,000 cycles at 20 8

GA/MNO;, mVs )

MWCNT/MnO,/rGO  ~12 1 M Na,SO, 0-15V 3146Fg'(5mVsH 104.5% (5000 cyclesat5 Ag™) This work

CDG - carbon dot/graphene; AG — activated graphene; NG — nitrogen-doped graphene, GA — graphene aerogel
*Mass loading of MnO, i.e. 90.76 % (45.2 mg cm %), 90.83 % (182.2 mg cm ) of electrode mass
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Table A2.3 Capacitive performance of ternary graphene-carbon nanotube based manganese oxide nanocomposites for SCs

Materials Mass loading Electrolyte Potential Capacitance Capacitance retention Ref.
(mg cm?) Window

MnO,-CNTs/rGO 4 1 M Na,SO, 0-09V 193Fg ' (02AgH 94-96% (1300 cyclesat2 AgY) ’

Graphene/MnO,/CNTSs 0.4 1 M Na,SO, 0-1V 288F g (50mVs )  95% (1000 cyclesat4 Ag?) 10
2.1 130 Fg ' (50 mV s™)

CNT/MnO,/GR paper 1 M Na,S0, -0.1-0.8V 4866 Fg'(2mVs?h  92.8% (800 cyclesat1 Agr) 3

3D MnO,~CNT-GR-Ni 1 M Li,SO, -0.2-0.8V 251Fg*(1AgH 82% (3000 cyclesat 1.0 Ag?) 1

foam

rGO/CNTs/MnO, 0.8 1 M Na,SO, -0.2-0.8V 319 Fg'(1Ag? 85.4% (3000 cycles at 50 mV s ) 12

MnO,-rGO/CFP 4 05MNaSO, 0-1V 393Fg ' (0.1AgH 98.5% (2000 cyclesat 0.1 Ag?) B

MnO,/CQD/GA ~1-2 1 M Na,SO, 0-1V T21Fg (1AgY 92.3% (10,000 at 10 A g% 1

MWCNT/MnO,/rGO ~12 1 M Na,SO, 0-15V 3146Fg'(5mVs?')  104.5% (5000 cyclesat5 Ag ')  Thiswork

GR — graphene; CFP — carbon fibre paper; CQD — carbon quantum dots; GA — graphene aerogel
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Figure A2.2 Raman spectra of pristine MWCNT and rGO
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Figure A2.4 FE-SEM images of (a) CNT (c) rGO (e) MnO, and TEM images of (b)
MWCNT (d) rGO, and (f) MnO,
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Figure A2.5 EDX spectra of (a) MnC, (b) MnG, and (c) MnGC (the samples were

dropped cast on aluminum foils and therefore a peak of Al was observed)
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Figure A2.7 (a) CV and (b) GCD curves of MWCNT SC at different scan rates and
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A2.3 Electrochemical performance of MnO,

The electrochemical performance of the MnO,-based SC was investigated in the
potential window of 1 to 1.5 V in 1 M Na,SO, electrolyte, and the results are depicted
in Figure A2.10. The CV curves MnO, SC at varying scan rates (5 to 50 mV s) are
shown in Figure A2.10a. The CV curves displayed high deviation from quasi-
rectangular shape at high scan rates indicating a diffusion-limited process. The MnO,
electrodes displayed a capacitance of 146.7 F g™ at a scan rate of 5 mV s, but it
could retain only 15% of this capacitance at 50 mV s™ (Figure A2.10c). The GCD
curves of the MnO, SC also show a large IR drop indicating poor charge transport
(Figure A2.10b). The MnO; electrodes exhibited a capacitance of 124.1 F g™ at a
current density of 0.1 A g™ and only 20% of this value is retained when the current
density increases to 1 A g™ (Figure A2.10d). The high charge transfer resistance of
54 Q further confirms the poor charge transport characteristics of the MnO, electrodes
(Figure A2.10e). At high commercial-level electrode mass loadings, pristine MnO,
(or any metal oxide) based SCs are most likely to suffer from deteriorated charge
storage, sluggish charge transport, poor rate capability, etc.®® Therefore, it is
necessary to couple these materials with conductive substrates and to create abundant
pore channels for effective charge transport. Due to high mass loadings (~ 12 mg cm’
%) used in our study, the pristine MnO-based electrodes delivered poor capacitive
performance and low rate capability. High electrode mass loadings cause severely
blocked pores, reduction in electro-active sites, and sluggish charge transport

dynamics, which ultimately result in poor capacitive performance.
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Figure A3.1 (a) XRD patterns, (b) Raman spectra of graphene oxide (GO) and
reduced graphene oxide (rGO); (c) N adsorption-desorption isotherms, and (d) BJH
pore-size distributions of rGO.
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Figure A3.2 Three-electrode CV curves of rGO electrode recorded at different

potential windows in 1 M Li,SO, electrolyte
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Figure A3.3 Electrochemical performance of rGO electrodes using three-electrode
system in 1 M H,SO, electrolyte: (a) CV curves at different scan rates from 5 to 100
mV s?, (b) GCD curves at different current densities from 0.5to 5 A g™.
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Figure A3.4 Electrochemical performance of rGO electrodes using three-electrode
system in 6 M KOH electrolyte: (a) CV curves at different scan rates from 5 to 100
mV s*, (b) GCD curves at different current densities from 0.5to 5 A g™.
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Figure A3.5 Electrochemical performance of rGO electrodes using three-electrode
system in 1 M Li,SO, electrolyte: (a) CV curves at different scan rates from 5 to 100
mV s?, (b) GCD curves at different current densities from 0.5to 5 A g™.
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Figure A3.6 Wettability of different electrolytes on rGO electrode surface (contact

angle is denoted as 9)
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Figure A3.7 Nyquist plot of the rGO electrodes in three aqueous electrolytes viz. 1 M
H,S04, 6 M KOH, and 1 M Li,SO, (inset: equivalent circuit)
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Figure A3.8 (a) CV curves of rGO in separate potential windows as positive (0 to 0.8
V) and negative (-1.0 V to 0 V) electrodes at a scan rate of 20 mV s™ in 1 M Li,SO,4

electrolyte; (b) CV curves of rGO-SC at different potential windows in 1 M Li,SO4
electrolyte.
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Figure A3.9 FE-SEM images of rGO electrodes (a) before cycle stability; and after
cycle stability tests in (b) H,SO4, (c) KOH, (d) Li,SOy4, (e) redox-active electrolyte,
and (f) water-in-salt electrolytes.
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Figure A3.10 Electrochemical performance of rGO electrodes using three-electrode
system in redox-active electrolyte (1 M Li,SO,4 + 0.1 M Na;MoOQy,): (a) comparison of
CV curves in redox-active electrolyte and 1 M Li,SO4 at 20 mV s™*; (b) comparison
of GCD curves in redox electrolyte and 1 M Li,SO, at 1 A g™; (c) CV curves at
different scan rates from 5 to 100 mV s, (d) GCD curves at different current
densities from 0.5 to 5 A g™ (e) specific capacitance at various scan rates, (f) specific

capacitance at various current densities.
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Figure A3.11 (a) CV curves of rGO in separate potential windows as positive (0 to
0.8 V) and negative (-1.0 V to 0 V) electrodes at a scan rate of 20 mV s™ in redox-

active electrolyte; (b) CV curves of rGO-SC at different potential windows in redox-

active electrolyte.
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Figure A3.12 Nyquist plots of rGO-SC in redox-active electrolyte (inset: high

frequency region and equivalent circuit)
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Figure A3.13 Three-electrode CV curves of rGO electrode recorded at different

potential windows in water-in-salt electrolyte (11 M NaNO3).
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Figure A3.14 Electrochemical performance of rGO electrodes using three-electrode
system in water-in-salt electrolyte (11 M NaNOs): (a) CV curves at different scan

rates from 5 to 100 mV s, (b) GCD curves at different current densities from 0.5 to 5

A g (c) specific capacitance at various scan rates, (d) specific capacitance at various
current densities.
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Figure A3.15 (a) CV curves of rGO in separate potential windows as positive (0 to 1
V) and negative (—1.1 V to 0 V) electrodes at a scan rate of 20 mV s™ in water-in-salt
electrolyte; (b) CV curves of rGO-SC at different potential windows from 1 —2.2 V in

water-in-salt electrolyte.
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Figure A3.16 Nyquist plots of rGO-SC in “water—in—salt” electrolyte (inset: high-

frequency region)
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Table A3.1 Comparison of capacitive performance of graphene-based electrodes reported in our work with previous literature

. . S Mass loadin . -
Material Synthesis method (sz ';1) (mg cm‘zl) g Electrolyte Capacitance Cycle stability Ref.
Graphene sheets  Thermal reduction 524 4 30wt.% KOHinH,0 150Fg ' (0.1Ag ") 100% after 500 cycles !
MW graphene  Microwave treatment 463 - 5 M KOH 191Fg ' (0.15A g™ 2
Reflux with (borane + _ .
B-doped rGO THR) ( 466 ~2 6 M KOH 200Fgt(01AgH 95% after 4500 cycles 3
N/P-rGO Thermal reduction 355 - 6 M KOH 165Fg ' (0.1Ag™) 91% after 2000 cycles ¢
Flow reaction with 9 4 0 5
rGO sodium cholate - 15 1 M H3PO, 941Fg (0.1Ag) 103% after 10000 cycles
Microwave treatment e R
rGO with sodium cholate - 1-2 1 M H,SO, 102.3Fg*(05Ag Y  104.1% after 5000 cycles 6
M1Fgt@LAgH
rGO film Hydrothermal reaction ~ 0.9067 2.8 111Fg ' (05Ag™) ;
. . . 1MH 1 _ ~ 90% 1 |
rGO/CF film  with hydrazine 184.324 4 250, 214Fgt(05AgY 90% after 10000 cycles
Thermal reaction with
rGO on carbon  Ascorbic acid 20.3 v 472Fgt(13AgY)  68.2after 3000 cycles
cloth Sodium borohydride 21.2 2o 87.3Fg (1.3Ag Y  60.9 after 3000 cycles 8
Hydrazine 33.6 185.7F g (1.3Ag Y  60.5 after 3000 cycles
rGO on Ni foam  Magnetron sputtering - ~1 6 M KOH 122Fg ' (1AgH 99% after 1000 cycles Y
# # -1 -1 .
. . 7-9 1773 F 05A Th
rGO Hydrazine reduction ~ 555 59_ 10 6 M KOH $157 4 F g_l El A g‘?) ) 99.6% after 5000 cycles worli

Sget — BET specific surface area, MW — microwave, THF — tetrahydrofuran, CF - carbon fiber, Ni — nickel, # - three-electrode measurement, $ - two-electrode measurement
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Table A4.1 Composition analysis of the raw biomass samples

Composition (wt %) Water hyacinth Sugarcane bagasse Yellow oleander

Cellulose

Hemicellulose

Lignin

Extractives"”’

30.56+0.34
34.79+1.25
5.65+0.63
29.0+0.87

40.59+1.14 28.90+0.76
29.35+0.23 21.45+0.19
19.89+0.52 15.76+1.29
10.17+1.04 33.89+0.71

Table A4.2 Comparison of capacitive performance of PC—x with different carbon

derived from individual biomass

Activatin S Mass
Biomass 9 BT . loading Electrolyte  Capacitance Ref.
agent (m=g™) (mg cm™)
Willow 1 -1 1
. KOH 1775.7 M KOH 292 F 1A
catkins © ° 8 6 9 2Fg (1Ag)
Rice husk KOH 2696 <2 6MKOH 147Fg'(0.1Ag") 2
Moringa ZnCl,+ L, 1 3
oleiferastalls  FECla 2250 4 6MKOH 283Fg'(0.1Agh
Potato waste  ZnCl, 1052 ~1 2MKOH 255Fg'(1Ag™) 4
Tobacco 1 1 5
Wastes KOH 1297 5 6MKOH 286Fgl(05AgY
sugareane 3151 35 6MKOH 413Fg'(LAg)) 6
bagasse
;r;f bean on 655 -5 1MH,S0, 229Fg'(05Ag") 7
Soybean KOH 1803 5 1IMKOH 285Fg-1(0.5Ag1) 8
lecithin
Water _ 1 1 9
yacinth KOH 2276 2 1 H,S0, 3449F gt (05A QY
Biomass 2516 Fg™' (0.2Ag™") This
blend KOH 2291 10 6 MKOH 27Fg'(1AgY work
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Table A4.3 Comparison of electrochemical performance biomass blend derived

carbon with recently reported carbon materials at high electrode mass loadings

Mass
S
Materials (;EZT 1y loading Electrolyte Capacitance Ref.
9 (mgem?)
GQD embedded
Q_ 2829 15 6MKOH  143Fg’ (1Ag") 10
activated carbon
Lignin derived
9 803 14.4 6MKOH  208Fg'(01Ag")) u
porous carbon
Hollow carbon 1 1 12
. 753.2 15 6 M KOH 154Fgt(1Ag?
nanoparticles
Activated 1 -1 13
1889 15 0.5M Na,SO, 509Fg-(2mVs)
carbon/CNT
GQD puzzled ultra-
9 P 1730 10 6 M KOH 218Fg ' (0.5Ag™) 1
microporous carbon
Porous graphene
> grap 891 10 EMIMBF4/AN 186 Fg'(1Ag") 5
monoliths
Graphene with
P 29.7 10 6 M KOH 175Fg' 1 Ag) ¥
defects
Cotton waste 1550 10 6 M KOH 161Fgt(1Agh Y
2516 Fg' (0.2Ag™ This
Biomass blend 2297 10 6 M KOH _? ( 1 )
227Fg (LAQ) work

GQD - graphene quantum dots

Figure A4.1 High resolution TEM images of (a) PC-3, (b) PC-4, and (c) PC-5
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Figure A4.2 High-resolution (a) C1s, (c) O1ls, and (e) N1s spectrum of PC-3; high-
resolution (b) C1s, (d) O1s, and (f) N1s spectrum of PC-5
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Figure A4.3 Electrochemical performance PC—x—SCs in 6 M KOH electrolyte: (a)
Nyquist plots of PC—x—SCs (lines indicate EIS data after cycle stability tests and inset:
equivalent circuit); (b) Ragone plot for PC—x—SCs (inset: a red LED powered by two

symmetric PC-x-SC cells)
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Figure A4.5 Nyquist plots of the PC-4-SC (lines indicate EIS spectra recorded after
cycle stability tests (inset shows the high frequency region) in 1 M Li,SO, and redox-

mediated electrolyte (0.1 Na,MoO4 + 1 M Li,SO,).
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Figure A4.6 (a) plot of reciprocal of gravimetric capacitance (1/C) vs. square root of

scan rate (kll 2
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equations of the fitting lines are shown in the inset.
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Figure A4.7 CV curves of the PC-4-SC at different potential windows in redox-
mediated electrolyte (0.1 Na,MoO4 + 1 M Li,SO,)
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