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ABSTRACT

Energy storage has become one of the primary requirements in our day-to-day
lives. Increased energy consumption, depletion of fossil fuels, and increased pollution
have sparked a surge in interest in electrochemical energy storage devices (EESS).
Batteries, fuel cells, and supercapacitors are examples of EES systems that are emerging
as promising contenders for efficient energy storage. Supercapacitor (SC) is one of the
EES system that converts the chemical energy into electrical energy and vice versa.
However, the energy density of SCs is well below 50 W h/kg, which is a major issue that
needs to be addressed to compete with the other energy storage systems such as Li-ion
batteries. The energy density of SCs can be enhanced either by increasing specific
capacitance or operating voltage of SC. The specific capacitance is mainly depending on
the properties of the electrode materials. Significant research works have been conducted
on various kinds of electrode materials to enhance the specific capacitance. In this
direction, conducting polymers (CPs) have been showing promising electrochemical
properties by storing the energy via pseudocapacitive nature. Significant research is being
conducted over the years to enhance the energy density and cyclic stability using various
CPs as electrode materials.

Polyaniline (PANI), a conducting polymer, is believed to be a potential
pseudocapacitive material to utilize as electrode material owing to its distinctive
properties. The electrochemical performance of PANI electrode materials has been
showing an increasing trend over the years. However, structural degradation is been the
main drawback for PANI which restricts its practical application. To address these draw
backs, research has been focused on the development of composites comprising carbon
materials with PANI. These combined composite materials offering not only enhanced
specific capacitance but also enhanced cyclic stability. The state-of-the-art specific
capacitance of supercapacitors made of PANI/carbon composite materials is
approximately 500 F/g in a two-electrode system. However, along with high specific
capacitance and cyclic stability, the production cost is also extremely important for their
commercial applications. Accordingly, international R & D efforts have been devoted to
the development of binary composites, with proper selection of composite materials with
easy and economically viable synthesis methods. So far different combinations of PANI-
carbon composites such as PANI-activate carbon, PANI-carbon nanotubes, PANI-
graphene, etc., have been studied. Among the various carbon materials, graphene is a 2D

layered structure material having advantages like high electrical conductivity, excellent
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chemical stability, high mechanical strength, lightweight, and flexibility. However, the
synthesis of graphene in its pure form and bulk production are extremely important to use
in commercial applications. Chemical reduction of graphene oxide (GO) is a promising
approach for the bulk production of reduced graphene oxide (rGO). In addition, rGO is a
suitable candidate to composite with PANI to improve the chemical stability and
electrochemical performance of electrode materials. However, the presence of residual
oxygen functional groups and stacked graphene layers in rGO decreases the conductivity
and surface area accessible for electrolyte ions. Meanwhile, heteroatom doping in
graphene networks is an effective strategy to overcome the drawbacks and improve the
characteristics of rGO. In this direction, there is a wide scope for enhancing the
electrochemical properties of PANI using graphene-based materials. Hence, the present
work is focused on preparing PANI composite materials using simple synthesis methods.
The present thesis provides a detailed study of the effect of synthesis process on the
material's properties as well as the electrochemical performance when it is used in a
supercapacitor. In addition, it also explains the interaction between the carbon 2D
materials with PANI and how the incorporated materials have significantly improved
their performance.

The thesis is comprised of synthesis of 2D materials such as GO, rGO, and
heteroatom (Nitrogen & Sulfur) doped rGO [N-rGO & S-rGO]. Further, these 2D
materials were successfully incorporated into PANI for enhancing the electrochemical
properties of the composites. Here, the composite materials, namely, PANI/rGO,
PANI/N-rGO, and PANI/S-rGO have been synthesized via a simple in-situ chemical
polymerization method, and optimized for achieving improved electrochemical
properties. Subsequently symmetric supercapacitor cells were assembled using PANI
composite electrode materials, and their electrochemical performances were examined
using different techniques. All these composites have shown enhanced performances
compared to their counterparts. PANI/rGO composite with 2 wt.% of GO based electrode
material has delivered maximum specific capacitance of 299 F/g at a current density of
0.5 A/g. Besides, this composite has shown good rate capability and capacitance retention
(88%) at a current density of 2 A/g after 2000 charge-discharge cycles. An improved
specific capacitance is achieved for the PANI/N-rGO composite compared to PANI/rGO.
For PANI/N-rGO, a maximum specific capacitance of 322 F/g at 1 A/g is achieved.
Further, it has been found that PANI/S-rGO composite with 10 wt.% of S-rGO, has shown
the best and enhanced specific capacitance of 348 F/g at 1 A/g with better cyclic stability

(~89% capacitance retention after 2500 cycles) among all other composite materials.
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In addition, porous carbons prepared from biomass/biowaste have attracted a lot
of research attention over the years because of their low cost, natural abundance,
renewable nature, and importance in "waste to wealth" applications. The type of precursor
material, activation process, and activation conditions play major roles in determining the
properties of the resulting porous carbons including porosity, pore-size distribution,
surface area, and surface chemistry. In this direction, in this thesis, utilization of nature's
abundant biowaste of corn husk as raw material for the preparation of porous carbons has
been presented. The effect of activation temperature on the specific surface area and pore
structure of the resultant carbons is studied. Along with the high specific surface area,
abundant micro and mesoporosity are achieved for the corn husk derived porous carbon
(CHPC) activated at 800 °C (CHPC-800). CHPC-800 electrode material has delivered a
maximum specific capacitance of 133 F/g at a current density of 1 A/g. Further, CHPC-
800 also showed good cyclic stability, with 93% of capacitance retention after 4500
cycles.

This thesis presents simple synthesis methods for designing efficient PANI
composite electrode materials for supercapacitors, which are very promising for practical

application in the energy storage field.
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NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA viii



TABLE OF CONTENTS

[ O Y N I L ] N PR i
(O o | o O I I
ACKNOWLEDGEMENT ..cutiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieieiennenene i
N = R I o Vi
TABLE OF CONTENTS..eiiiiiiiiiiiiiiiiiiiiiiiieiiiiiieieieieenecnenn IX
LIST OF ABBREVIATIONS AND SYMBOLS.....ccccvevuiiiiinininnn Xii
LIST OF FIGURES....ciiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiineiecneeaenes XVi
LIST OF TABLES. ..ttt XXi

CHAPTER 1 INTRODUCTION....ccccctttuturerernrasncasasesnsasnsnsens 1-53
1.1 Energy and its environmental challenges............... . oo v e e
1.2 SUPEICAPACIION ... ... e et it e e et e e et e e et e e een et e ees et e e
1.2.1 Electrical Double Layer Capacitors.............cccccevvivvennannnn...
1.2.2 PSeUAOCAPACTION ... ... ... ev v st et e e eee e aee e e aee e e e e
1.2.3 Hybrid Supercapacitors.............c.oooeuiiiiiiiiiiiiie e,
1.3 Applications of supercapacitors... ...............cccceeeeieeeeccveee e

1.4 Literature review on electrode material for supercapacitors............

© ©O© ©O© N O W N PP

1.4.1 Carbon based electrode materialS... ...... .o ovveeeeoee e e e e
1.4.1.1 Activated CarboNsS... ... ... oo vee e e e e e e e e e

e
w o

1.4.1.2 Carbon @erogels... ... ..o eevvee ceree et e e e e e e e e

'_\
o

1.4.1.3 Carbon NaNOfibDeIS. .. ... oo et e e e e e e e e e

=
ol

1.4.1.4 Carbon nanotubes... ......... oot et en et e e e e
1415 Graphene. .. ....cocovvee vt ies et e et e et e et e e e

1.4.2 Conducting POIYMErS... ... oot vie et e et e et e e e et e e e e e
1421 Polyaniline... ..........c..coceoeeoeeoecie e e aee e e e e o

1.5 Objectives of the present Study ... .......cc.cc et ieeee e e et e e
1.6 Structure of the TheSIS .......cccovee it e et e e e e e e

W NN NN
Ww ©O© ©O© w o o

REFOTONCES ... .. v ev it e e e e et e e e e e e e e e e e e

CHAPTER 2 EXPERIMENTAL DETAILS: PREPARATION,

CHARACTERIZATION, &MEASUREMENTS....ccciiiiiieiinnnnnn 54-70
P - 1] o | SRR 54
2.2 Materials SYNthesIS... ... ... ..o et ieeiee e e e e e e e e e e 54

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA

ix



2.2.1 Synthesis of crumbled Graphene Oxide.............c.c e eeiiie e, 54
2.2.2 Synthesis of Polyaniline/reduced crumbled Graphene Oxide
COMPOSIT .. 1o te et it e et it e e et e e et e e een e e 2en eas e eae e 55
2.2.3 Synthesis of N—doped reduced Graphene Oxide........................ 56
2.2.4 Synthesis of Polyaniline/N-doped reduced Graphene Oxide
COMPOSITE .. oo ce et s e ettt e e et e e et e e ettt e e et e e ea 56
2.2.5 Synthesis of S —doped reduced graphene oxide........................ 57
2.2.6 Synthesis of sulfonic acid doped polyaniline: S-doped reduce
graphene oxide NANOCOMPOSILES........cccverviervereerieaiesee e eeesreeieas 58
2.2.7 Synthesis of corn husk derived porous carbon................c......... 59
2.3 Materials Characterization.............cc. oo e vetes vt ee et e et e e e 60
2.3.1 Scanning Electron Microscopy and Field Emission Scanning
EIeCtron MICrOSCOPY ... ....oeiee et e et e e et e e et e e e 60
2.3.2 Transmission Electron MiCroSCOPY..........ccoevuvieeieeeiieevee e 61
2.3.3 X-ray Diffraction...........ccco e ies oo e et e e e e e e 61
2.3.4 Fourier Transform Infrared SpectroSCOpY..........vveeveeiveveevenas 62
2.3.5 RaMaN SPECIIOSCOPY ... ..evvr vt et et et een een eee aee vee vee vee vee e eas e e 62
2.3.6 X-ray Photoelectron SpectroSCOPY ... ...... .o cvvveecevceree cee e e 63
2.3.7 Thermogravimetric analysis... ......... oo co e iee e e e et e e 64
2.3.8 N2 adsorption-desorption StUdIES... ... ... ccoveveeceieiee e e e 64
2.4 Electrochemical Characterization.............c..cco o ee e e e e e e 65
2.4.1 Electrode Fabrication and Cell Assembly.............cccco v ieeeenne. 65
2.4.2 Cyclic VOItamMmMELIY... ... ... oot e e e e e e e et e e 64
2.4.3 Galvanostatic charge-discharge.............c.cco oo eevev e, 66
2.4.4 Electrochemical Impedance Spectroscopy............ceevvevevee venae. 67
2.5 CONCIUSIONS... ..ot it et e et e e e et e et e et e e e e e e e, 67
REFOTONCES ... .. cvv v e e e e e e et et et e e e e e s e e e e e e e e 68

CHAPTER 3 POLYANILINE/rGO COMPOSITE AS A

FLEXIBLE ELECTRODE MATERIAL SUPERCAPACITORS.... 71-94
L INTrOTUCTION ... ..ottt et e et e et e et e et e et e et e e e een e e 71
3.2 Results and DiSCUSSION... ... ... .ceoi e ies e et e e et e e een e e een e e 72
3.3 CONCIUSIONS .. ... et et et e et e e e et et et e e e et e e e 89

RETEIENCES ... oo e et e e e e e e e e e e e e e e e e e e e, 89

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA



CHAPTER 4 POLYANILINE/N-rGO COMPOSITE

ELECTRODE MATERIAL FOR EFFICIENT FLEXIBLE

SUPERCAPACITORS....ctiiiiieiiiiiiieiiiireierasasasasasasasassassens 95-121
o A [0 oo U ot A o o F PRSI 95
4.2 Results and DiSCUSSION.... ... ... cc.vee vt vee et e een e et e een e e e e e e 97
4.3 CONCIUSIONS ... ... et e et e et e et e et e et e e e e e een e e e een eeneas 116
R LS (<] =] T =L USRS 116

CHAPTER 5 FLEXIBLE SUPERCAPACITOR USING NSA

DOPED POLYANILINE/S-rGO COMPOSITES....cccccetveeenennns 122-140
5.1 INTrOTUCTION.... .. iee it et e et e et e et e et e et e et e een e een e e 122
5.2 Results and DiSCUSSION... ... ... .eevervr ve e e et e e e e e et e eae e ea 124
5.3 CONCIUSIONS... ... oot et et it et e e e et e et e e e e e et e e e, 136
RETEIEINCES ... ... oot i et e et et et e et e et e et e et e et e e, 136

CHAPTER 6 BIOWASTE DERIVED HIERARCHICAL POROUS
CARBON AS A HIGH PERFORMANCE ELECTRODE
MATERIAL FOR SYMMETRIC SUPERCAPACIT......c.cteveeceenes 141-156
6.1 INTrOTUCTION ... .ottt et et e et e et e et e et e et e e e een e e 141
6.2 ReSults and DISCUSSION.... ... ... et ver it ve it et et e et e et e e e ea 143
6.3 CONCIUSIONS ... ....oe it et e et e e e et e et et e e e e e e e, 151

REIEIENCES ... ..e et e e e e e e e e e e e e e e e e e e e e e 152

CHAPTER 7 SUMMARY AND CONCLUSIONS.....ccccoevvuiiannens 157-160
1.1 Summary of the WOrK... ... ... ..o v vt et e e e e e e e e e e e 157
7.2 CONCIUSTONS ... ... o ettt et et et et e et e et e e e e e e e e 157
7.3 Scope for the fUtUre Work... ... ccocvveeee et et et e e 162
LIST OF PUBLICATIONS...ccuvieiiniiiiiiiiiniieiieriiniiessesnssnsnses 163
PAPERS PRESENTED AT NATIONAL AND

INTERNATIONAL CONFERENCE....cccccctteiiiiiiiniieiiiiiinnnenen 164

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA xi



LIST OF ABBREVIATIONS & SYMBOLS

ABBEVIATION
EESs
SCs
FSCs
EDLCs
IHP
OHP
PSCs
HSCs
CPs
TMO
1D
2D
3D
NFs
NRs
NSs
AC
CNFs
CNTs
GN
PC
PANI
An
PPy
PAN
PVA
PMMA
Pl
PVP
GO
cGO
rGO

DESCRIPTION
Electrochemical Energy Storage Systems
Supercapacitors

Flexible Supercapacitors
Electrical Double Layer Capacitors
Inner Helmholtz Layer
Outer Helmholtz Layer
Pseudocapacitors

Hybrid Supercapacitors
Conducting Polymers
Transition Metal Oxide
One Dimensional

Two Dimensional

Three Dimensional
Nanofibers

Nanorods

Nanosheets

Activated Carbon

Carbon Nanofibers
Carbon Nanotubes
Graphene

Porous Carbon
Polyaniline

Aniline

Polypyrrole
Polyacrylonitrile
Polyvinyl alcohol
Polymethylmethacrylate
Polyimide
Polyvinylpyrrolidone
Graphene Oxide
crumbled Graphene Oxide

reduced Graphene Oxide

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA xii



rcGO
N-rGO
S-rGO
CH
CHBC
CHPC
PRGO

PANI/rGO
PANI/rGO

SPANI
SPANI/S-rGO

XRD
FESEM

HRTEM

FTIR
Raman
XPS
B.E.
K.E.
TGA
CVv
GCD
EIS
Ceell

€o
Er
Cal
CH

reduced crumbled Graphene Oxide
Nitrogen-doped reduced Graphene Oxide
Sulphur-doped reduced Graphene Oxide
Corn Husk

Corn Husk Biochar

Corn Husk Porous Carbon
Polyaniline/reduced crumbled Graphene
Oxide

Polyaniline/reduced Graphene Oxide
Polyaniline-/N-doped reduced Graphene
Oxide

Naphthalene sulfonic acid doped Polyaniline
Naphthalene sulfonic acid doped
Polyaniline/S- doped reduced Graphene
Oxide

X-Ray Diffraction

Field Emission Scanning Electron
Microscopy

High Resolution Transmission Electron
Microscopy

Fourier Transform Infrared Spectroscopy
Raman spectroscopy

X-Ray Photoelectron Spectroscopy
Binding Energy

Kinetic energy

Thermogravimetry analysis

Cyclic Voltammetry

Galvanostatic Charge-Discharge
Electrochemical Impedance Spectroscopy
Total capacitance of a cell

Surface area

Permittivity of free space

Relative permittivity of electrolyte
Double-layer capacitance

Stern layer capacitance

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA xiii



Caifr
Csp
Em
Pm
Rs
Ret

BET
DFT
BJH
P/Po
Stot
Smic

Smeso

CO;
H2SO4
NazSOq4

Diffusion layer capacitance

Specific Capacitance
Specific Energy
Specific Power

Equivalent Series Resistance

Charge Transfer Resistance

X-ray wavelength
Work function
Frequency

Plank constant

Brunauer-Emmett-Teller

Density Functional Theory

Barret-Joyner-Halenda
Relative pressure
specific surface area
micropore surface area
Mesopore surface area
Total pore volume
micropore volume
scan rate

Mass of the electrode
Voltage window
Discharge time
Current

Milli gram

Milli liter

Liter

Deionized

Molarity

kilogram

centimeter

gram

Carbon Dioxide
Sulfuric acid

Sodium sulphate

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA

xiv



NaOH Sodium Hydroxide

KOH Potassium Hydroxide
KCI Potassium Chloride
HCI Hydrochloric Acid
H20:2 Hydrogen Peroxide
RuO:2 Ruthenium Oixde
MnO: Manganese Oxide
Fe203 Iron Oxide

Ni(OH)2 Nickel Hydroxide
SnO2 Tin Oxide

ZnO Zinc Oxide

ZnS Zinc Sulfide

V20s Vanadium Pentoxide
NiO Nickel oxide

NaBH4 Sodium borohydride
CB Carbon Black

PTFE Polytetrafluoroethylene

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA XV



LIST OF FIGURES

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

Figure 2.3

Figure 2.4
Figure 2.5

CHAPTER 3

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Ragone plot presents the energy and power characteristics of various
EESs.

Basic supercapacitor design and working principle.

Schematic representation of EDLC.

EDLC Models (a) Helmholtz model, (b) Gouy-Chapman model, and
(c) Stern model.

Schematic of Pseudocapacitor.

Common synthesis methods of converting biomass to carbon
material.

Molecular structures of some of the most common CPs.
Conductivity of some metals, semiconductors, insulators and
conjugated polymers.

Mechanism of polymerization of PANI and different forms of PANI.

Schematic  representation for the synthesis of PRGO
nanocomposites.

Schematic representation for the synthesis of PANI/N-rGO
nanocomposite.

Schematic of steps involved in the synthesis process of SPANI/S-rGO
composites.

Schematic of steps involved in the synthesis of CHPC.

Flexible electrode and SSC assembly.

XRD pattern of cGO, rcGO, PANI, PRGO1, PRGO2, and PRGO4
nanocomposites, respectively.

FESEM images of (a) cGO, (b) rcGO (c) PANI, (d) PRGOL, (e)
PRGO2 and (f) PRGOA4.

TEM images of (a) PANI & (b) PRGO2 and HRTEM images of
(c) PANI & (d) PRGO2.

FTIR spectrum of cGO and rcGO.

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA

xXvi



Figure 3.5

Figure 3.6
Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

CHAPTER 4

Figure 4.1

Figure 4.2

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA

(a) FTIR spectra of PANI, PRGO1, PRGO2, and PRGO4, and (b)
Raman spectra of cGO, rcGO, PANI, PRGO1, PRGO2, and PRGO4
nanocomposites.

XPS survey spectra of cGO, rcGO, PANI and PRGO?2.
High-resolution C1s spectrum of (a) cGO, (b) rcGO, (c) PANI, (d)
PRGO2 and high-resolution N1s spectrum of (¢) PANI, and (f)
PRGO2.

Electrical conductivity of rcGO, PANI, PRGO1, PRGO2 and
PRGO4, respectively.

TGA graphs of cGO, rcGO, PANI, PRGO1, PRGO2, and PRGO4
nanocomposites.

(a) CV curves of PANI, PRGO1, PRGO2, PRGO4, and rcGO at 5
mV/s, CV curves at different scan rates at various scan rates in 1 M
H2S04 (b) rcGO, (c) PANI, (d) PRGO1, (e) PRGO2 and (f) PRGOA4.
(a) Nyquist plots of PANI, PRGO1, PRGO2, PRGO4, and rcGO
whereas the inset shows the zoomed view of impedance in the high-
frequency region and (b) Nyquist plots of PRGO2 composite at the
Oth cycle and after 2000 cycles.

(a) The GCD curves of PANI, PRGO1, PRGO2, PRGO4, and rcGO
at 0.5 A/g, GCD curves at different current densities for (b) PANI c)
PRGO1, (d) PRGO2, (e) PRGO4, and (f) Current density vs specific
capacitance of PANI, PRGO1, PRGO2, and PRGO4.

(2) The Ragone plots of PANI, PRGO1, PRGO2, and PRGO4
nanocomposite, and (b) Cycling stability plot of PANI and PRGO2

composite.

FESEM images of (a)&(b) PANI, (c)&(d) PANI/rGO, and (e)&(f)
PANI/N-rGO.

(@) XRD patterns of GO, rGO, N-rGO, PANI, PANI/rGO, and
PANI/N-rGO, (b) TGA plots of rGO, N-rGO, PANI, PANI/rGO, and
PANI/N-rGO, (c) N2 adsorption-desorption isotherms, and (d) Pore
size distribution of PANI, PANI/rGO, and PANI/N-rGO.

xvii



Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

CHAPTER 5

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA

FTIR spectrum: (a) GO, rGO, and N-rGO, (b) PANI, PANI/rGO, and
PANI/N-rGO, and Raman spectrum: (c) GO, rGO, and N-rGO, (d)
PANI, PANI/rGO, and PANI/N-rGO.

XPS survey spectra of (a) rGO and N-rGO, (b) PANI, PANI/rGO,
and PANI/N-rGO.

High-resolution C 1s spectrum: (a) rGO, (b) N-rGO, (c¢) High-
resolution N 1s spectra of N-rGO, and (d) chemical structure of N-
rGo.

High-resolution C 1s spectrum: (a) PANI, (b) PANI/rGO, (c)
PANI/N-rGO, and High-resolution N 1s spectrum: (d) PANI, (e)
PANI/rGO, (f) PANI/N-rGO.

(a) CV curves of rGO, N-rGO, PANI, PANI/rGO, and PANI/N-rGO
at 10 mV/s, CV curves at scan rates of 10, 20, 30, 40, 50, 70, and 100
mV/s: (b) rGO, (c) N-rGO, (d) PANI, (e) PANI/rGO, and (f) PANI/N-
rGO, and (g) Specific capacitance of rGO, N-rGO, PANI,
PANI/rGO, and PANI/N-rGO at various scan rates.

(a) GCD curves of rGO, N-rGO, PANI, PANI/rGO, and PANI/N-
rGO at 1 A/g, GCD curves at current densities of 1-5 A/g: (b) rGO,
(c) N-rGO, (d) PANI, (e) PANI/rGO, and (f) PANI/N-rGO, and (g)
Specific capacitance of rGO, N-rGO, PANI, PANI/rGO, and
PANI/N-rGO at various current densities.

(a) Ragone plots of PANI/rGO and PANI/N-rGO, and (b) Nyquist
plots of rGO, N-rGO, PANI, PANI/rGO, and PANI/N-rGO, (c)
Cyclic performance of PANI, PANI/rGO, and PANI/N-rGO for 1000
cycles.

Photographs of flexible SSC device assembled with PANI/N-rGO
composite electrodes and the bending angle measurements.

(a) CV curves at respective bending angles measured with a scan
rate of 50 mV/s, (b) Capacitance retention of supercapacitor device
at different bending angles, and supercapacitor device (three cells)
connected with regulated power supply: (c) before LED glow; and
(d) after LED glow.

xviii



Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

CHAPTER 6

Figure 6.1

Figure 6.2

(a) XPS survey spectra of GO and S-rGO (b) Deconvolution C 1s
Spectra of GO, Deconvolution (c) C 1s Spectra, and (d) S 2p spectra
of S-rGO.

Raman spectra of GO and S-rGO.

XRD patterns of (a) S-rGO, and SPANI and SPANI/S-rGO
composites.

FESEM images of (a) S-rGO, (b) SPANI, and (c) SPANI/S-rGO5, (d)
SPANI/S-rGO10, (e) SPANI/S-rGO15, and (f) SPANI/S-rGO20
composites.

(@) FTIR spectrum of SPANI and SPANI/S-rGO composites, (b)
Zoomed view of FTIR spectra at quinoid and benzenoid ring region
of SPANI and SPANI/S-rGO composites.

(a) CV curves of S-rGO, SPANI, SPANI/S-rGO composites at a scan
rate of 10 mV/s, CV curves of at scan rate from 10 mV/s to 100 mV/s:
(b) SPANI, (c) SPANI/S-rGO5, (d) SPANI/S-rGO10, (e) SPANI/S-
rGO15, and (f) scan rate vs specific capacitance curves of S-rGO,
SPANI, and SPANI/S-rGO composites.

(a) GCD curves of S-rGO, SPANI, and SPANI/S-rGO composites at
a current density of 1 A/g, GCD curves at current densities from 1 to
5 A/g: (b) SPANI, (c) SPANI/S-rGO5, (d) SPANI/S-rGO10, (e)
SPANI/S-rGO15 and (f) current density vs specific capacitance
curves of S-rGO, SPANI, and SPANI/S-rGO composites.

(a) Ragone plot of SPANI/S-rGO10 composite, and (b) Nyquist plots
of S-rGO, SPANI, and SPANI/S-rGO composites.

Capacitance retention with the number of cycles at a current density
of 2 A/g for SPANI/S-rGO10 and SPANI samples.

(a) Bending angle measurements for the SPANI/S-rGO10 composite
based SSC, and (b) CV curves at recorded at different bending angles
with a scan rate of 50 mV/s.

(a) Photograph of CH, SEM images of (b) CHPC-600, (c) CHPC-
700, and (d) CHPC-800.
(@) N2 adsorption-desorption isotherms and (b) Pore size

distribution curves, inset shows the mesopore region.

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA

Xix



Figure 6.3 (a) XRD and (b) FTIR plots of CHPC-800.

Figure 6.4 (a) XPS spectra of CHPC-800, (b) High-resolution XPS spectra of
CHPC-800: (b) C 1s, and (c) O 1s.

Figure 6.5 (a) CV curves of CHPCs at a scan rate of 10 mV/s, (b) CV curves of
CHPC-800 at different scan rates.

Figure 6.6 (a) GCD curves of CHPCs at a current density of 1 A/g, GCD curves
at various current densities: (b) CHPC-600, (c) CHPC-700, (d)
CHPC-800, and (e) change in specific capacitance with current
density for CHPCs and (f) Ragone plot of CHPC-800.

Figure 6.7 (a) Nyquist plots of CHPCs and (b) Cycling stability of CHPC-800
ata current density of 5 A/g, A series-connected three supercapacitor
devices charging with regulated power supply: (c)before LED glow,

and (d) green LED glowing.

"
NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA XX



LIST OF TABLES

CHAPTER 1

Table 1.1
Table 1.2
Table 1.3
Table 1.4

Table 1.5
Table 1.6

CHAPTER 2

Table 2.1

CHAPTER 3

Table 3.1

Table 3.2

Table 3.3

CHAPTER 4

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Literature survey on various biomass-derived ACs for SCs.
Literature review on CAs electrode materials for SCs.

Literature survey on CNFs and its composite electrode materials for
SCs.

Literature review on CNTs-based electrode materials for SCs.
Literature review on graphene-based electrode materials for SCs.

Literature review on PANI based electrode materials for SCs.

List of chemicals and raw materials used for the synthesis of

nanocomposites and porous carbon electrode materials.

Elemental composition of cGO, rcGO, PANI, and PRGO2.

Equivalent series resistance and charge transfer resistance
of rcGO, PANI, PRGO1, PRGO2 & PRGO4 composites.
Comparison of the specific capacitance of similar electrode

materials.

Surface area and porosity characteristics of PANI, PANI/rGO, and
PANI/N-rGO.

Elemental composition of rGO, N-rGO, PANI, PANI/rGO, and
PANI/N-rGO.

Percentage of different C 1s bonding configurations of PANI,
PANI/rGO, and PANI/N-rGO.

Percentage of different N 1s bonding configurations of PANI,
PANI/rGO, and PANI/N-rGO.

Comparison of the specific capacitance of similar electrode
materials.

Equivalent series resistance and charge transfer resistance of rGO,
N-rGO, PANI, PANI/rGO, PANI/N-rGO.

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA xxi



CHAPTER 5

Table 5.1 Elemental composition of GO and S-rGO from XPS survey spectra.

Table 5.2 Electrical conductivity of S-rGO, SPANI, SPANI/S-rGO composites.

Table 5.3 Comparison of the specific capacitance of similar electrode
materials.

Table 5.4 Equivalent series resistance and charge transfer resistance of S-

rGO, SPANI, SPANI/S-rGO composites.
CHAPTER 6

Table 6.1 Surface area summary results of CHPCs.

Table 6.2 Electrochemical performance comparison of porous carbons derived
from various biomass/biowastes in symmetric supercapacitor.
CHAPTER 7

Table 7.1 Summary of the thesis work.

e —
NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA xxii



CHAPTER 1

INTRODUCTION

1.1 Energy and its environmental challenges

The use of electrical energy storage systems (EESs) is drastically increasing with the
innovations in electronic gadgets, the internet of things, and the automobile industry. The
future technology is heading towards green, efficient, and portable EESs to make world
clean by eliminating fossil fuels and other environment polluting resources. However, the
statistical review of world energy 2020 showed that the 84% of global energy is generated
from fossil fuels including Oil, Natural gas, and Coal [1]. The world energy intake is
expected to be doubled by the middle and tripled by the end of the century [2]. The
consumption of fossil fuels releases CO. and other hazardous greenhouse gasses.
Particularly, the CO2 emission from fossil fuels is showing an increasing trend over the
years and global energy-related CO2 emission reached 31.5 Gt in 2020. The CO2and other
hazardous greenhouse gasses increase environmental pollution, cause unexpected climate
changes, and spoil human health [3]. Therefore, it is necessary to reduce the use of fossil
fuels to control the damage done by them.

The production of renewable energy is a better alternative to declining the use of
fossil fuels. Renewable energy can be produced from natural resources (solar energy,
wind energy, hydro energy, tidal energy, etc.) and is less harmful to the environment.
However, uninterrupted driving forces are required for the production of electrical energy
which is limited and not available all the time. In addition, the energy storage
requirements are different in different places. Sometimes, we need to store the energy and
utilize it as a continuous power supply in some places where ever required. Therefore, the
energy generated from renewable resources has to be effectively stored for future usage.
Hence the search for clean and efficient electrochemical energy storage systems (EES).

In EES, innovations have to come in such a way that they should provide high
energy density, high power density, longer life, environment-friendly operation, easy
maintenance, etc. From Figure 1.1, Ragone plot presents the state of art characteristics of
different EES systems. Batteries and Fuel cells are capable to store more energy and have
greater energy density. Li-ion batteries are known for their high energy density, but they
also have a low power density and cycle life. Moreover, Li sources are also limited around
the globe and they will become more costly in the nearby future. In contrast, a
conventional capacitor provides high power output. On the other hand, supercapacitors

(SCs) have been emerging as a future energy storage device owing to their fast charge
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and discharge capability, high power density, and longer cycle life. In terms of energy
and power density characteristics, SCs lie in between Batteries and Capacitors as shown
in Figure 1.1. SCs can be a potential candidate to fulfil the gap between batteries and
conventional capacitors. SCs can offer several orders of magnitude higher energy density
than a conventional capacitor. Significant research has been carried out recently to further

enhance its energy density without affecting its power density.
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Figure 1.1 Ragone plot presents the energy and power characteristics of various EESs.

1.2 Supercapacitor

The name “Supercapacitor or Ultracapacitor” is used because of its ability to store
and deliver a high capacitance usually in farads. Even though the concept of charge
storage in supercapacitor in double-layer form is introduced in 19" century by von
Helmholtz in his pioneer work on colloidal suspension. But it was first demonstrated
practically in early 1950s by the General electric engineers’ group based on their work
on porous carbon electrodes and patented by H.I. Becker of General Electric in 1957 [4].
They found a high capacitance value based on the charge adsorption at the pores of carbon
materials. Later, in 1966, a research team of standard oil of Ohio observed the similar
phenomena of charge storage while they designed a fuel cell using two layers of activated
charcoal which are isolated electrically by an insulating paper. Finally, in 1978, NEC

named a supercapacitor based on the EDLC behaviour, and they used it in power backup

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 2



CHAPTER 1

for computer maintenance [5]. Since the early 1990s, research on SCs has exploded to
better understand how they might be used in various applications.

Generally, SCs are comprised of two working electrodes, electrolyte solution, ion-
permeable, and electrically resistive separator and current collectors. The basic schematic
of a supercapacitor is given in Figure 1.2. The charge storage of the supercapacitor is
governed by a similar basic principle as a conventional capacitor. SC gets completely
charged by the accumulation of charges at electrolyte/electrode interface. The electrolyte
ions get adsorbed onto the surface of electrodes with opposite charges, i.e., anions from
electrolyte, move toward the cathode (negative electrode) and cations attract to anode
(positive electrode) while discharging these charges desorb and relieve from the interface.
Different type of charge storage processes is observed in different types of electrode
materials and electrolytes used. The next section provides a general classification of
supercapacitors based on their charge storing mechanism.

(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)
(+)

Figure 1.2 Basic supercapacitor design and working principle.

SCs are divided into three categories based on the charge storage phenomenon and
electrode materials used: electrical double-layer capacitors (EDLCs), pseudocapacitors
(PCs), and hybrid supercapacitors (HSCs).

1.2.1 Electrical Double Layer Capacitors (EDLCs)
In EDLCs, charge storage is occurred by the physical adsorption of charges which is

purely electrostatic. Opposite charge layers formation has occurred at the interface of
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electrode and electrolyte with an atomic size distance; hence it is called an electrical
double-layer capacitor (Figure 1.3). In EDLCs, the energy storage does not involve any
charge transfer reaction. It mainly works on the principle of electrostatic adsorption of
opposite charges. When an external potential is applied, in the vicinity of electrode and
electrolyte solution, a thin layer of charges (electrons or holes) appeared at the electrode
surface and the opposite charge cations/anions are get accumulate in the vicinity of
electrode surface from the electrolyte solution. The formation of arrays of opposite
charges at the one electrode represents a capacitor and the EDL capacitance at one
electrode can be obtained by the following equation:

C = ereog (1.2)

Where A is surface area, d is the distance from electrode surface to the center of
adsorbed ions and, & is permittivity of free space; & is relative permittivity of electrolyte
[6].

The EDL formation happened simultaneously on both electrodes for a complete cell
which resembles two capacitors connected in series. hence the total capacitance of a cell

(Ccen) can be assessed by using the equation:

1 1 1
==+ 1.2
Ccell Cq + C2 ( )

Where Cyand C are the capacitance of two individual electrodes. Unlike traditional
supercapacitors, capacitance of EDLCs depends on the applied potential because charge
balance does not happen exactly at the electrode-electrolyte interface. The ionic charge
layer is diffused into the electrolyte. Various models have been proposed to understand

the storage mechanism in EDLCs, as shown in Figure 1.4.
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Figure 1.3 Schematic representation of EDLC.

The origin of double-layer charge storage phenomenon is first realized by von
Helmholtz in the nineteenth century [7]. According to Helmholtz's double-layer model,
when porous electrodes materials are dipped into an electrolyte, formation of double
layers of opposite charges occurs at the interface, which he called Helmholtz layers.
Helmholtz's model explains the charge storage is same as a conventional capacitor. The
charge balance occurs at a distance of d from the surface of electrode as given in Figure
1.4. The amount of charge adsorbed at the interface is directly proportional to the applied
voltage (W= W,). Later, Gouy and Chapman modified the Helmholtz model and named it
as diffuse layer model [8-10]. In Gouy and Chapman's model, the static adsorbed layer
of electrolyte ions is modified into a diffuse layer. This model stated that the ions in the
electrolyte cannot adsorb specifically instead these ions (cations and anions) diffuse into
the electrolyte due to thermal motion. Finally, Stern introduced a new model that
incorporates both Helmholtz and Gouy-Chapman models. The stern model explains the
formation of static adsorbed layer and diffuse layer. He proposed the existence of the
Helmholtz layer and diffuse layer in two different regions as shown in Figure 1.4.
Helmholtz layers were formed at the interface which he represented as stern region where
the specifically adsorbed ions represented as inner Helmholtz layer (IHP) and non-
specifically adsorbed counter ions as outer Helmholtz layer (OHP). Some of the non-
specifically adsorbed ions diffuse into the electrolyte solution due to the thermal agitation

of electrolyte solution, which is referred to as diffuse layer. The total double-layer
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capacitance (Ca) can be the series capacitance of stern layer capacitance (Cn) and

diffusion layer capacitance (Caifr).
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Figure 1.4 EDLC Models (a) Helmholtz model, (b) Gouy-Chapman model, and (c)
Stern model.

EDLCs offer rapid charge-discharge, due to physical adsorption of charges at the
interface. EDLCs have a much high power density and cycle life of over 100,000 cycles
than batteries [11]. Carbon compounds have been the most widely utilised electrode
materials in EDLCs for many years. The performance of EDLCs is primarily determined

by their surface area, electrical conductivity, and porosity of carbon materials.

1.2.2 Pseudocapacitors (PCs)

In PCs, charge storage is governed by a rapid and reversible redox process that
takes place between surface, near-surface of electrodes, and specifically adsorbed
electrolyte ions. The mechanism of charge storage is not electrostatic in origin as EDLCs.
The basic charging process of PCs is shown in Figure 1.5. Three basic types of charge
storage mechanisms that occur in PCs are namely underpotential deposition, redox
reaction, and intercalation process. PCs deliver high specific capacitance compared to
EDLCs as the electrolyte ions undergo a charge transfer process. Pseudocapactiance
arises under a special thermodynamic state where the change in charge (dq) is directly
proportional to the change in electrode potential (dV). Hence the capacitance of PCs can
be written as C= (dg/dV) [12]. However, the charge transfer kinetics of PCs are slower
than EDLCs which limits the power capabilities. Metal oxides/hydroxides, metal
sulphides/selenides and conducting polymers are the most commonly studied electrode

materials for PCs.
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Figure 1.5 Schematic of Pseudocapacitor.

Conducting polymers are the extensively studied electrode material for PCs. The most
commonly used CPs include polypyrrole, polyaniline, and polythiophene. The
pseudocapacitance that arises in CPs is due to charge transfer between polymer chain and
specifically adsorbed electrolyte counter ions. When a conducting polymer is charged, it
loses electrons and forms polycations, causing anions in the solution to intercalate into it
to preserve electro-neutrality [12,13]. CPs are prone to deliver high specific capacitance
than carbon-based EDLCs owing to such a fast charge transfer process. In addition, CPs
can offer flexibility so that they are commonly used for improving the capacitance as well
as designing flexible SCs. But CPs have a critical challenge concerning cyclic stability
and rate capability due to volume alterations in the polymer chain throughout the
charging-discharging process.

Metal oxides provide high energy density due to the faradaic process at the
interface. RuO: is one of the first and extensively studied electrode materials due to its
high reversible faradaic reaction kinetics, high specific capacitance, and energy density
[14]. However, the high cost and toxic nature of RuO are forced to search for an
alternative to RuO.. Many other kinds of other metal oxides/hydroxide and metal
sulfide/selenides are explored to assess their potential application in PCs. Some of the
most commonly studied materials are MnO2, C030a, Fe304, NiO, Ni (OH)2, SnOz2, NiSg,

CoS2, NiSe, CoSe etc. However, the specific capacitance achieved with the offered
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mentioned materials falls short compared to RuO> and still needs to be enhanced. Metal
oxides, on the other hand, reveal cracking of electrodes with repeated charge-discharge,

resulting in short-term stability [15].

1.2.3 Hybrid Supercapacitor (HSCs)

HCs are developed by using a combination of both EDLC and PCs electrodes. In
which charge storage happens by a simultaneous process. It uses both reversible faradaic
and non-faradaic processes to obtain high energy storage and better cycling stability
[16,17]. HSCs are further divided into three main types: asymmetric, composite, and
battery-type.

Asymmetric and battery type supercapacitor has two distinct types of electrode
materials. In asymmetric SC, one of the electrodes is from EDLC and the other one is
Pseudocapacitive. Whereas in battery type SC one of the electrodes is EDLC, and the
other one is the battery electrode. Carbon-based materials serve as the negative electrodes
in asymmetric and battery-type SCs [6]. Because simultaneous charge storage occurs in
two dissimilar electrodes, these types of supercapacitors are capable to deliver high power
and energy density. Compared to symmetric supercapacitors, these capacitors display
better energy density and cyclic stability. However, two different materials need to be
developed and understand their individual properties to explore them ins SCs.

Composite hybrid electrode materials are made of a combination of EDL
electrode materials and pseudocapacitive electrode materials. The primary objective of
composite hybrid electrode materials is to improve specific capacitance and cycling
stability by combining the benefits of separate materials. As stated in section 1.2.1,
EDLCs offer high power density and rapid charge-discharge because the merits of carbon
materials include high surface area, better conductivity, and great mechanical strength.
However, it shows poor energy density compared to commercially used lead-acid
batteries and lithium-ion batteries. Whereas in PSCs, metal oxides and conducting
polymers compete with batteries in storing charge, and thus energy but they display low
surface area and poor structural stability. In a composite hybrid, Carbon will serve as a
charge transport route, while the metal oxide/conducting polymer will store charge
through redox processes, resulting in higher specific capacitance and high energy density
[6]. In this thesis work, we have attempted to study the properties of composite hybrid
materials by combining the carbon material with conducting polymer. The selection and

the properties of individual materials play a vital role which deciding the properties of the
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obtained composite electrode materials. To select these materials, understanding of basic

properties of these individual materials is extremely important.

1.3 Applications of SCs

SCs are ideal for applications that need frequent charge and discharge cycles, high
working temperatures, or the quick release of large amounts of energy. Electric vehicles
needed a large amount of energy to accelerate and for a quick start. Therefore, SCs are
often combined with batteries to combine the features of both power density and charge
storage capability. This arrangement provides a balance between charge time and
enhances the distance travelled by the electrical vehicle. SCs operate at a wide
temperature (roughly from -40 F to 150 F) which makes it possible for vehicles to function
properly even in the dead of winter or the hottest days of summer. SCs are also used in
automobiles, buses, trains, cranes and elevators, where they are used for regenerative
braking, short-term energy storage, or burst-mode power delivery [18]. SCs has found a
wide range of power-stabilizing applications, including backup systems and power
buffers. SCs provide power for digital camera flashes and LED flashlights which can be
charged in much shorter times. Tecate group has developed SC system to use in various

military application [19,20].

1.4 Literature review on electrode material for supercapacitor
The energy and power characteristics of SCs are largely determined by the
materials used in the electrodes. The sections that follow give an overview of the different

types of electrode materials being used in SCs.

1.4.1 Carbon-based electrode materials

Carbon materials have been most widely employed electrode materials in SCs that
stores energy by EDL capacitive behaviour. From the Eqn. 1.1, EDL specific capacitance
is directly proportional to the electrode surface area. Hence, high specific area carbon
materials are finding major applications as electrodes for supercapacitors. Apart from the
surface area, other properties such as pore structure, pore distribution, morphology,
surface functionalities, crystal structure, mechanical strength, and electrical conductivity
are important properties that play a vital role in deciding the performance of carbon-based
electrode materials. A wide variety of carbon materials has been developed over the years
and explored SCs. Some of the main types of carbon materials studied in SCs are

discussed in the following sections.
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1.4.1.1 Activated carbons

Activated carbons (ACs) have been most popularized form of carbon-based
electrode materials for energy storage. The fascinating features of ACs are high surface
area, porous structure, tunable pore size distribution, surface functionalities, etc. The
above-mentioned properties of activated carbons are mostly depending on the precursor
materials and synthesis process. Activated carbons can be produced from fossil fuels
(petroleum and coal) and biomass or biowaste precursors. Production of ACs from fossil
fuels is usually an expensive and environmentally hazardous process. ACs derived from
biomass or biowaste are of special interest because of their high carbon content, low cost,
natural abundance, sustainable availability, and scalable, etc.

Biomass is always referring to animal or plant-based materials derived from
nature [21,22]. The biomass precursors are undergone different carbonization (pyrolysis,
and hydrothermal) and activation processes (physical, and chemical) to produce valuable
porous carbons [23,24]. Various synthesis approaches and respective synthesis conditions
are illustrated in Figure 1.6. To enhance the electrochemical properties of biomass-based
carbon materials, advanced synthesis strategies are explored to produce carbon materials
with different dimensions. For example, Hao et al., prepared 3D meso and microporous
carbon nanofiber networks taking Bacterial cellulose biomass by following silica assisted
strategy referred to as the ‘confine nano space’ pyrolysis process. The obtained carbon
fibres displayed a maximum specific capacitance of 302 F/g at 0.5 A/g, along with high-
rate capability and good cyclic stability [25]. Xie et al., produced hierarchical porous
carbon microtubes using willow catkins via carbonization and subsequent KOH
activation. The carbon microtubes activated at 800 °C possessed high surface area of
1775.7 m?/g with a pore volume of 0.8516 cm®/g and delivered a maximum specific
capacitance of 292 F/g at 1 A/g in 6 M KOH electrolyte [26]. Zhou et al., synthesised
porous carbon nanosheets from biomass-reed by using a hydrothermal process combined
with chemical activation. They found a specific capacitance of 147 F/g at 1 A/g in 1-
Ethyl-3-methylimidazolium tetrafluoroborate (EMIM BF4) electrolyte [27]. Hao et al.
prepared 3D hierarchical porous CAs from bagasse and a specific capacitance of 142.1
F/g is obtained at 0.5 A/g in symmetric solid-state assembly. This solid-state SC also
displayed capacitance retention of 93.9% over 5000 cycles [28]. Table 1.1 summarizes
recent research work carried out on various biomass-derived ACs for supercapacitors.
Even though the ACs are vastly studied materials in supercapacitors due to their large
surface area (1000-3000 m?/g) but the real-time energy storage capability is still very
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much below compared of Li-ion batteries [29,30]. The major factors effecting the
properties of AC materials are: (i) limited ion diffusion and (ii) poor electron delivery and
slow charge transfer. These problems arise due to less accessibility of micropores to the

electrolyte ions and the inherent low electrical conductivity (10-100 S/m) [31,32].

One step process

Two step process

Carbonization Activation

Hydrothermal carbonization:
120 °C to 250 °C, Partially carbonization
with attached oxygen functional groups and
usually combined with activation

Pyrolysis :
500 °C -1000 °C, one step or
combined with activation

Other activation : Physical activation: Chemical activation:

1. Microwave induced 1. Air : low temperature, < 500 °C « At temperature 500 °C — 1000 °C.
activation. 2. Steam: 800 — 1200 °C + Chemical activating agents are used.

2. Chemical activation 3. CO,: 800 — 1000 °C E.g. KOH, NaOH, ZnCl, FeCl;, H;PO, etc.

Figure 1.6 Common synthesis methods of converting biomass to carbon material [23].

To further enhance the specific capacitance and energy density of ACs,
heteroatom doped porous carbons are also been developed. Doping has been carried out
externally by adding hetero atom containing precursors and internally by selecting the
hetero atom containing biomass materials. Again, the properties of obtained heteroatom
doped carbon materials are strongly influenced by the precursor material, synthesis
conditions, and heteroatom doping agents. For instance, Yu et al., subjected protein-rich
soybeans to low-temperature pre-carbonization, hydrothermal stabilization, and KOH
activation to obtain N, O, P, and S co-doped porous carbons. They achieved a high
specific capacitance of 685.1 F/g at 0.5 current density of A/gin 2 M KOH and 439.5 F/g
at 1 A/gin 1 M H,SOg electrolyte, respectively. The heteroatom-containing porous carbon
materials also have shown excellent cycling stability of 80% after 13,000 cycles [33]. Cao
et al., compared the electrochemical performance of nitrogen-doped biomass-derived
hierarchical porous carbon materials synthesized using different nitrogen-containing
compounds (NH4Cl, (NH4)2.COs, and urea) as both activation agents and dopants. Among

them, a highest specific capacitance of 300 F/g at 1 A/g is achieved for the porous carbon
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obtained using urea while a maximum capacitance retention rate of 95.2% after 10,000
cycles is achieved with the porous carbon derived by NH4ClI [34]. Recently, Zhang et al.,
used watermelon rind as the carbon source to design diverse dimensional carbon materials
such as 3D hierarchical honeycomb nanoporous carbon architecture, 2D carbon
nanoflakes, and 1D needle-shaped carbon nano bars with/without different dopants. One
step activation process is followed and 2D flakes are produced without additional doping
agents. The presence of ammonium citrate tribasic and sodium alginate can modulate the
dimensional morphology with more heteroatom contents for 3D hierarchical porous
honeycomb structures and 1D needle-like architectures, respectively. The prepared
flexible electrode using 1D carbon nano bars exhibited higher areal capacitance of ~2245
F/cm? at 1 mA/cm? with outstanding cycling stability of 99.5% after 20,000 cycles [35].
Further, extensive studies are also been carried out to combine ACs with other carbon
materials (e.g. CNTs, Graphene), metal oxide, and conducting polymers to further

improve the electrochemical properties [36-42].

Table 1.1 Literature survey on various biomass-derived ACs for SCs.

Raw material Specific capacitance/ Electrolyte/ REF.
Measured condition Electrode system
Onion 158 F/g at 0.5 A/g 3 M KNOs3 /2-ele [43]
wheat husk 271.5F/gat 0.5 Alg 6 M KOH /3-ele [44]
rice husk 198.4 F/gat 1 Alg 0.5 M K2SQOg4 /3-ele [45]
nettle leaf 163 F/g at 0.5 A/g EMIM BF4 /2-ele [46]
Miscanthus grass 112 F/g at 0.5 A/g 6 M KOH/3-ele [47]
Pine nut shells 324 F/g at 0.05 Alg 6 M KOH /3-ele [48]
Waste bagasse 455 F/g at 0.5 A/g 6 M KOH /3-ele [49]
cotton 283 F/g at 1 Alg 6 M KOH /3-ele [50]
citrus peel fibre 565 F/g at 0.5 Alg 2M KOH /3-ele [51]
waste
Corncob 338 F/gat 0.5 Alg 1 M HySO4 /3-ele [52]
popiscus 29 Flg at 0.5 Alg 0.5 M NazSO4/ [53]
Mangosteen peel 76.8 F/gat 1 Alg 1 M LipSO4/2-ele [54]
Onion 158 F/g at 0.5 Alg 3 M KNOz/2-ele [43]
Rice straw 156 F/g at 0.5 Alg 1 M HySO4/2-ele [55]
Corn silk 160 F/g at 1 A/g 6 M KOH/2-ele [56]
Fish seed 250 F/g at 1 Alg 6 M KOH/2-ele [57]
Buckwheat husk 75 F/gat1 Alg 6 M KOH/2-ele [58]
irdenia | 1537 Figat 0.5 Alg 6 M KOH/2-ele |  [59]
Flax seed residue 76 F/g at 0.5 Alg 6 M KOH/2-ele [60]
Nettle leaf 163 F/g at 0.5 A/g EMIM BF4/2-ele [46]
Waste tea 89.3F/gat1Alg 6 M KOH/2-ele [61]
American poplar 58.71 F/gat1 Alg 6 M KOH/2-ele [62]
fruits
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1.4.1.2 Carbon aerogel

Carbon aerogels (CAs) are three-dimensional nanostructured porous carbon
materials derived from the pyrolysis of organic aerogels at elevated temperatures. The
CAs are composed of small carbon particles or polymer chains that are covalently bonded
together. The synthesis of CAs from organic aerogels involves four sequential steps i.e.,
sol-gel polymerization, aging, drying, and pyrolysis [63]. The physicochemical properties
of CAs are greatly influenced by the type of precursor organic polymers and above-
mentioned synthesis steps [64].

CAs have received substantial research as electrode material in SCs due to their
attractive characteristics such as 3D hierarchical structure, low density, high surface area,
porosity, and lightweight. CAs derived from the organic aerogel of
resorcinol/formaldehyde are the most explored electrode materials in SCs [65]. Other
organic  aerogel precursors such as melamine/formaldehyde, melamine-
resorcinol/formaldehyde and cresol/formaldehyde are also used for the preparation of
CAs and evaluated as electrode material for supercapacitor [66-68]. Despite its
advantages, the precursor formaldehyde, a carcinogen derived from the petroleum
industry, is hazardous to the human body. Furthermore, resorcinol is an expensive
chemical, and supercritical drying is an energy-intensive method that is too expensive for
large-scale commercial production [63,69]. Alternatively, various low-cost biomass
precursors (cellulose, chitosan, lignin, tannin and biowaste) are effectively utilized for the
synthesis of CAs with improved properties [63]. The biomass precursors are relatively
cheap and abundant raw materials for the preparation of CAs. For example, Hao et al.,
derived hierarchical porous CAs using bagasse as raw material. The resulting CAs
possessed a specific surface area of 1892.4 m?%g along with micro, meso, and
macroporous structures. They found a comparable specific capacitance of about 142.1
F/g at 0.5 A/g [28]. In addition, heteroatom doping, and combining with other
pseudocapacitive materials are also been investigated to further enhance the performance
of CAs for SC electrodes. Table 1.2 summarizes some of the recent works carried out on

CAs and their composite electrode materials for SCs.

Table 1.2 Literature review on CA electrode materials for SCs.

Precursors (or) Specific capacitance/ Electrolyte/ REF.
Electrode Materials Measured condition | Electrode system
resorcinol/formaldehyde | 110.06 F/gat1 mV/s | 6 M KOH /3-ele [64]
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resorcinol/formaldehyde 201 F/gat 0.1 Alg 1 M H2S04/2-ele [70]

Melamine- 139 F/g at 0.5 A/g 2 M KOH /3-ele [71]
resorcinol/formaldehyde

Melamine- 208 F/g at 5 mV/s 6 M KOH /2-ele [72]
resorcinol/formaldehyde

(N-CA)
CA-C0304 180.8 F/gat 1 Alg PVA-KOH gel/2- [73]
ele

N doped CA 166 F/g at 0.1 A/g 1 M H2SO4/2-ele [74]

Cellulose CA 328 F/g, 0.5 Alg 1 M H2S04/3-¢ele [75]

Chitin CA 188.3 F/gat1 Alg 6 M KOH /2-ele [76]

CA-GO 120 F/g at 500 mV/s | 1 M H>SO4/3-ele [77]

Lignin CA-Ni 26.6 F/cm?at 1 6 M KOH /3-ele [78]

mA/cm?
CA/polypyrrole 268.5 F/gat0.5 A/lg | 1 M HySO4/2-ele [79]

1.4.1.3 Carbon nanofibers

Carbon nanofibers (CNFs) have received considerable research interest due to the
efficient 1D electron-transport path along the axial direction and short ionic-diffusion
distance along radial direction [80-82]. Carbon fibres are most commonly prepared by
electrospinning of polymers (polyacrylonitrile (PAN), polyvinyl alcohol (PVA),
polymethylmethacrylate (PMMA), Polyimide (PI), Polyvinylpyrrolidone (PVP), and
cellulose, etc.) [82,83]. In this method, polymers dissolved in suitable solvents are
initially subjected to electrospinning to obtain polymer fibres with uniform size and
thickness. Then subsequent high-temperature heat treatment of these polymer fibres
produces carbon fibres. The thickness and size of the CNFs are affected by experimental
parameters such as precursor concentration, spinning voltage, and pyrolysis temperature.

CNFs have been widely studied as electrode materials SCs. Various new strategies
are also been followed increasing the degree of graphitization, adjusting the pore
structure, and introducing heteroatoms, which have been investigated to improve the
performance of CNFs [84-86]. For example, Li et al., developed porous nitrogen-doping
CNFs by electrospinning of polyacrylonitrile/ polyvinylpyrrolidone, followed by a
stabilization and carbonization process. They achieved a high specific capacitance of 148
F/g at 1 A/g in a symmetric cell [87]. Recently, Jiang et al. followed a novel way to
produce free-standing N-doped CNFs via carbonization and subsequent pyrolysis of PVP-
based CNFs in the presence of g-CsN4. They found a maximum specific capacitance of
265 F/g at 1 A/g along with high-rate capability (131 F/g at 16 A/g). They found that the
incorporation of foreign atoms in CNFs is beneficial to enhance the electrochemical

properties [88]. Further, the carbon fibers are also been blended with other
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pseudocapacitive materials to extract improved electrochemical properties for SCs
[89,90]. Table 1.3 summarizes the research work carried out on CNFs and their composite

electrode materials for SCs.

Table 1.3 Literature survey on CNFs and their composite electrode materials for SCs.

Precursors (or) Materials | Specific capacitance/ Electrolyte/ REF.
Measured condition | Electrode system
PAN -H3PO4 156 F/g at 0.5 A/g 6 M KOH /2-ele | [91]
PAN 103 F/g at 1 Alg 1 M NaSO4/3-ele | [92]
PANI-polysulfone 257 F/g at 0.25 Alg 6 M KOH /2-ele [85]
polyamic acid- 182 F/g at 1 Alg 6 M KOH /2-ele [93]
poly(diaryloxyphosphazene)
PAN-PMMA 140 F/g at 0.5 Alg 6 M KOH /2-ele | [94]
PAN-PVP 148 F/g at 1 A/g 6 M KOH /2-ele | [87]
PAN- PVP 252.6 F/lgat0.5 A/lg | 1 M H2SO4/3-ele | [95]
PAN/pitch-based 188 F/g at 1 mV/s 6 M KOH /3-ele [96]
CNFs/MnQO2
PAN-based CNFs/CNTSs 464.2 F/g at 0.5 Alg 6 M KOH /3-ele [97]
PAN-based CNFs/CNTs 61.1 F/g at5 mV/s 2 M H,SO4/3-ele | [98]
Cellulose derived 46 Flcm®at 5 mV/s 6 M KOH /2-ele [99]
CNFs/rGO
lignin/(PAN)-based 267.32 F/gat5mV/s | 6 M KOH /2-ele | [100]
CNFs/N, S -doped graphene
PAN-PVP based 249 F/g at 1 Alg 6 M KOH /3-ele | [101]
CNFs/graphene
PAN/Fe(acac)s -based ~635 F/gat0.9 A/g | 1 M NaxSO4/3-ele | [102]
CNFs/CNT/MnO;
PAN-based CNFs/PANI 257 Flg at 5 mV/s PVA-H,S04/2- | [103]
ele
Polyacrylonitrile- ~149 F/gat 1 A/g 1 M H2SO4/3-ele | [104]
CNFs/PANI
PAN-based CNFs/PANI 234 Flgat1 Alg 1 M H2SO4/2-ele | [105]
PAN/PANI- based 260 F/g at 1 Alg 1 M H2S04/3-ele | [106]
CNFs/PANI
PAN/SiO2-based 339.3F/gat0.1 Alg PVA-HsPO, /2- | [107]
CNFs/PANI ele

1.4.1.4 Carbon nanotubes

Carbon nanotubes (CNTS) are graphene sheets that have been cylindrically rolled.
CNTs are made of sp? hybridized carbon networks and they can be single-walled CNTs
or MWCNTSs based on the number of graphene sheets present in the materials. CNTs offer
excellent stability, high electrical conductivity, flexibility, and lightweight. Because of
these excellent properties, extensive research has been conducted on CNTSs for their use
in SCs. Although CNTs are proved their potential application in SC, difficulty in

synthesis and synthesis costs involve costly equipment facilities. Besides, the high contact
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resistance between the electrode and current collector, as well as inefficient interaction
with electrolyte due to low dispersion ability, result in unsatisfactory practical
performance [108,109]. Alternatively, acid etching and heteroatom doping increases the
defects and enhances the wettability thus improving electrochemical performance [110].
Further, CNTs composites are also been developed to boost electrochemical performance.
For instance, Roy et al., prepared NiO/CNT binary composite and realise a high specific
capacitance of 878.19 F/g at a scan rate of 2mV/s [111]. Luo et al., demonstrated a
maximum specific capacitance of 818 F/g at a scan rate of 1 mV/s with CeO2/CNT
composite electrodes [112]. Ding et al., reported developed functionalized graphene
nanosheets/carbon nanotubes (G/CNTs) networks via chemical oxidation with a
subsequent low-temperature reduction method. They achieved five times higher specific
capacitance than pure CNTs (40 F/g) with functionalized graphene/CNTs composite
electrode (202 F/g) at 0.5 A/g [113]. Jiang et al., designed mutually intercalated flexible
films with a ternary composite of polyaniline/ graphene oxide /CNTSs, and a specific
capacitance of 729.3 F/g is obtained at 1 A/g [114]. Table 1.4 reviews the research work

carried out on CNTs-based electrode materials for SCs.

Table 1.4 Literature review on CNTs-based electrode materials for SCs.

Sample Specific capacitance/ Electrolyte/ REF.
Measured condition Electrode system
N doped CNTs 146 Flg 1 M KCI /3-ele [110]
RuO2/CNT/CC 179 F/g at 2 Alg 1 M HySO4 /2-ele [115]
CNT/WOs3 496 F/g at 0.5 A/g 0.5 M H2SO4 /3-ele | [116]
AC/CNT/RGO 101 F/g at 0.2 A/g 1 M LiClOq4 /2-ele [117]
NiCo hydroxide/CNT 139.3F/gat1 Alg 6 M KOH/2-ele [118]
CuCo02S4/CNTs 557.5F/gat1 Alg 2 M KOH/3-ele [119]
3D graphene/MWNT | 286 F/g at 1.78 mA/cm? 6 M KOH/2-ele [120]
CNTs/GNFs 270F/gat1 Alg 6 M KOH/3-ele [121]
NiO/CNTs 258 F/lgat 1 Alg 2 M KOH/3-ele [122]
Fe203/CNTs 204 F/gat 0.5 Alg 1 M NazS0O4/2-ele [123]
CNT@N-porous carbon 244 Flgat 1 Alg 6 M KOH/3-ele [124]
1.4.1.5 Graphene

Graphene is an allotropic form of carbons. It is a two-dimensional (2D) atomic
size thin monolayer of graphite. It is often referred to as a “wonder material” because of
its exceptional electrical, and mechanical properties and unique structure. Graphene has
a hexagonal lattice structure formed with sp? hybridized carbon atoms. The unique and
attractive properties of Graphene are its high surface area (2630 m?/g), high electrical
conductivity, high intrinsic strength (~130 GPa) and mechanical strength (~1.0 TPa),
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chemical stability, lite weight, flexibility. These extraordinary properties make it the
strongest material for energy storage applications.

Graphene is firstly discovered by the pioneering work of Geim and Novoselov
which laid a foundation for the research community to realize potential applications.
Since then, various synthesis strategies are explored for developing graphene materials
[125]. Graphene synthesis is mainly categorised into two types: ‘bottom-up’ and ‘top-
down’. In bottom-up method, gas-phase carbon precursors are used for the production of
graphene, the methods included in bottom-up approach are epitaxial growth [126],
chemical vapour deposition [127,128], substrate-free gas-phase synthesis [129], template
route [130] and total organic synthesis [131]. Although most of the bottom-up methods
produce high-quality graphene materials they usually require sophisticated equipment
setup and high production cost. Whereas in top-down approach, graphite is transformed
into graphene. The top-down methods are mechanical exfoliation [125], arc discharge
[132], oxidative exfoliation-reduction [133,134], liquid-phase exfoliation [135,136] and
unzipping of CNT [137]. Bulk production of graphene is possible with some of the top-
down approaches but often ended with the low quality and defective graphene materials
which deteriorate its physicochemical properties [138].

Graphene has become one of the most popular carbon-based electrode materials
for supercapacitor electrodes owing to its excellent properties. A single layer of graphene
can carry a specific capacitance of ~21 pF/cm?and the gravimetric corresponding
capacitance of ~550 F/g when its surface area is completely utilized [139-141]. However,
the practically obtained specific capacitance is lower than the estimated theoretical value.
To realize the enhanced experimental performance, preparation of graphene in its pure
form and bulk production are extremely important.

The chemical oxidized form of graphene i.e., graphene oxide (GO) is a suitable
starting material for the bulk production of graphene as reduced graphene oxide (rGO)
always has a few layers with attached residual oxygen functional groups attached to the
graphene skeleton. rGO treated as a derivative of graphene has also been proven to be a
promising material to act as electrode material for SCs [142,143]. However, the main
troubles raised with graphene-based materials are its serious agglomeration and more
tendency of restacking of graphene sheets to form graphitic structure, during synthesis
and electrode fabrication processes. Agglomeration and restacking of graphene layers
eventually decline the specific surface area accessible to electrolyte ions. These

shortcomings could be addressed by following various strategies. The promising
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approaches are developing porous three-dimensional structures, doping with heteroatom
and composites with other capacitive materials. Three-dimensional graphene networks
were developed to reduce restacking and enhance the surface area. 3D porous graphene
networks facilitate fast electron transfer, enhanced accessible surface area to electrolyte
ions and fast electrolyte networks [144,145]. For example, Zhang et al., developed
graphene hydrogels by hydrothermal reduction of GO dispersion then chemically reduced
by hydrazine or hydroiodic acid. They obtained a high specific capacitance of 220 F/g at
1 A/g when the Graphene hydrogel is tested in a supercapacitor cell [146]. Hao et al.,
reported 3D graphene with an open pore network and having a pore size in the range of
dozens of nanometres to hundred nanometres. The continuously cross-link structured 3D
graphene has exhibited a high specific capacitance of 231 F/g at 1 A/g [147]. Li et al.,
produced porous graphene paper via a thermal stock of layer structure graphene self-
assembled on Cu foil under nitrogen flowing. A maximum specific capacitance of 100
F/g is reported at a scan rate of 100 mV/s [148].

The second approach to enhancing the properties of graphene-based materials is
hetero atoms (Nitrogen, Sulphur, Phosphorous, Boron, etc.) doping. Introducing
heteroatoms into graphene has shown significant changes in its physicochemical
properties. Doping induced bandgap in graphene thus makes it either N-type or P-type
material. Even though addition of heteroatoms creates defective structures, these
defective structures act as electroactive sites to interact with electrolyte ions thus
enhancing their capacitive behavior. Besides that, different bonding configurations of
heteroatoms in the graphene network actively engage in charge transfer reactions with
electrolyte ions, providing additional pseudocapacitance. In particular, nitrogen (N) is a
suitable dopant for graphene because of its comparable atomic size and provides an
additional p-electron to the n-system of graphene making it n-type [149-151]. Previous
reports have also demonstrated that N-doping is a beneficial route to decorating graphene
for the reason that doping can increase the charge carrier concentration thus providing
high electrical conductivity [151]. Moreover, the presence of a high electronegative N
atom can improve surface wettability, which is beneficial for efficient charge
transportation at the electrode/electrolyte interface [152]. Doping of the N atom can exist
mainly in three different forms, namely pyridinic-N, pyrrolic-N, and quaternary-N
[153,154]. Pyridinic-N and pyrrolic-N increase the surface wettability of electrodes and
participate in charge transfer reaction with electrolyte ions, hence, generate additional
pseudocapacitance, whereas the quaternary N atom is a substitution to the carbon atom in
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benzene ring which enriches the local electron density, consequently exhibit high
electrical conductivity [154]. For example, Shin-Ming et al., reported the synthesis of N-
doped rGO (N-rGO) via a simple thermal exfoliation combined with covalent
transformation of melamine-graphene oxide mixture and achieved higher capacitance
than rGO [155]. Sliwak et al., followed hydrothermal method for the synthesis of N-rGO
where amitrole is used as a reducing agent as well as a nitrogen source. N doping
concentration is obtained in the range of 10.9 to 13.4 at% at different hydrothermal
temperatures. They found a specific capacitance of 244 F/g at a scan rate of 100 mV/s for
the N-rGO with the highest nitrogen content [152]. Santhosh et al., developed N-doped
porous rGO and studied its capacitive behaviour using all solid-state flexible
supercapacitors. They attained a maximum specific capacitance of 230 F/g at 1 A/g with
good capacitance retention [156]. Fan et al., prepared P-doped three-dimensional rGO
hydrogels by a one-step hydrothermal process. The obtained P-doped rGO delivered a
specific capacitance of 384 F/g at 1 mA/cm? [157]. Similarly, Sulfur doping is proved to
improves catalytic activity. From the reported studies, the S-doping is also a
recommended approach to increase capacitive performances of supercapacitor [158,159].
The C-S bonds and thiophens (C-SO«-C) formation in graphene lattice creates defective
structure which subsequently produce active sites for additional pseudo capacitance [158—
160]. Duraivel et al., synthesized S-doped rGO via refluxing method where sodium
borohydride (NaBH4) and sodium sulfide (Na2S) are used as reducing agent and sulfur
sources respectively. They have shown a high specific capacitance of 392 F/g at 0.05
mA/cm? along with good cyclic stability (91% after 2000 cycles) using S-rGO electrodes
[161]. Nurul et al., produced S-doped rGO by following a microwave-assisted method
and obtained a high specific capacitance of 237.6 F/g at 0.1 A/g [158]. Recently, Arvas
et al., proposed a one-step electrochemical method to prepare different heteroatom (-S, -
N, -Cl) doped GO electrodes. They obtained the specific capacitances of 206.4, 533.2 and
1098 mF/cm? at 10 mA/cm?, with -S, -N and -Cl doped graphene oxide electrodes
respectively [162]. Several composite materials have also been developed by combining
graphene-based materials with other pseudocapacitive materials [163-165]. The
improved performance is realized with the composite materials by the synergistic effect
of both EDLC and Pseudocapactiance. VVarious composite materials have been developed
with graphene-metal oxide composites, and graphene-conducting polymer composites
and achieved excellent electrochemical performance. Table 1.5 summarizes some of the

recent research work reported on graphene and its composite electrode materials for SCs.
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Table 1.5 Literature review on graphene-based electrode materials for SCs.

Sample Specific capacitance/ Electrolyte/ REF.
Measured condition Electrode system
3D Graphene hydrogel 220 F/gat 1 Alg 6 M KOH/2-ele [146]
3D graphene 231 F/gat1 Alg 1 M HySO4 /3-ele [147]
Porous graphene 100 F/g at 100 mV/s 1 M HSO4 /2-ele [148]
N-doped rGO 239 F/g at 0.2 Alg 6 M KOH/3-ele [152]
N-doped porous rGO 230 F/gat 1 Alg PVA- H.SO4 gel/2-ele | [156]
P-doped rGO 285 F/g at 1 mA/cm? 1 M H2S04 /3-¢le [157]
S-doped rGO 392 F/g at 0.05 mA/cm? | 1 M Na,SO4 /3-ele [161]
S-doped rGO 237.6 F/lgat 0.1 A/g 1 M H2S04 /2-ele [158]
a-Fe203/rGO 533 F/gat1 Alg 2 M KOH/3-ele [166]
MnO2/N-rGO 453 F/g at 2 Alg 0.5 M NaxSOq4 /3-ele | [167]
C0304@Mn0,/rGO 347F/gat0.5Alg 6 M KOH /3-ele [168]
PANI@MnOy/ 7438 F/gat1 Alg 1 M HSO4 /3-ele [169]
Graphene
PANI/rGO-HT 420 F/g at 0.2 Alg 1 M H,SO4 /3-ele [170]
rGO/PANI 99 F/g at 0.5 mA PVA- H,SO4 gel/2-ele | [171]
3D graphene/PANI 352 F/g at 10 mV/s 1 M NazS04 /3-ele [172]
ERGO/CNT 290F/g at 50 mV/s 0.5 M NaxSOq4 /3-ele | [173]

1.4.2 Conducting polymers

Polymers are organic insulating materials made up of repeated monomer units.
But the conductivity can be imposed onto some of the pi- conjugated polymers up on
disturbing the local charge density of saturated macro molecules. Conductivity of a
polymer can be realised in two basic ways i.e., extrinsically by adding conducting fillers
into polymer matrix and intrinsically by disturbing the local electron distribution. The
concept of intrinsic conductivity of polymers is realized by the discovery of conductivity
in polyacetylene in 1970s [174]. The pioneer work of Hideki Shirakawa, Alan J. Heeger,
and Alan G. MacDiarmid research group paved a way for the new field of conducting
polymers (CPs) and they jointly honoured with Nobel Prize in Chemistry in 2000. Since
the discovery of conducting polyacetylene, fundamental research on synthesis of many
new kinds of CPs, conduction mechanism, properties evaluation and application of these
polymers in various fields has been emerged. The basic structures of some of most

popular CPs are illustrated in Figure 1.7.
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Figure 1.7 Molecular structures of some of the most common CPs.

Doping transforms the n-conjugated polymers from low conducting insulators to
semiconducting or even into metallic regions (Figure 1.8). The conductivity depends on
the doping level of polymers. Intrinsic CPs are having saturated macromolecules with a
system of alternate single and double bonds leading to a continuous sp? hybridized carbon
center. Upon withdrawal an electron i.e., oxidizing the polymer with a suitable oxidant,
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makes a positive ‘hole’ in polymer backbone (p-doping), and leftover electrons within
the partially filled band become more mobiles and thereby induce conductivity. Similarly,
upon adding an electron, i.e., reducing the same conjugated polymer in the presence of a
reducing agent makes it n-doping. To maintain electroneutrality, the polymer electrode
must also accept ions through a process known as polymer doping (p-doping), which is
an ion insertion process that raises the polymer's redox state and electronic conductivity
[175]. The majority of conductive polymers can be oxidatively doped to produce p-type
materials, whereas n-doped polymers are less common.

CPs also grab significant research interest to use as pseudocapacitive electrode
materials for SCs [176-178]. The attractive properties of CPs are their ability to store a
high amount of energy, low cost, simple synthesis process, and lightweight. Besides CPs
are also lightweight and offer flexibility which allows considerable design flexibility SCs.
Polypyrrole, polyaniline, Polythiophene etc. are more frequently studied CPs in SCs. The
CPs can store or release charge through fast redox doping/dedoping process associated
with the n-conjugated polymer chain [13,179-181]. During the charge-discharge process,
most of the common conducting polymers switch between their different doping states
(p-type/n-type). The polymer backbone gets oxidized (p-doping) by the interaction of
polycations with the anions (A") from the electrolyte. Similarly, the conducting polymers
are reduced (n-doped) during discharge by the attraction of cations (M*) from the
electrolyte. In this way, charge neutrality occurs in conducting polymer electrodes. Unlike
metal oxides, the complete backbone of conducting polymers will contribute to the charge
transfer process thus resulting in high specific capacitance. Even though the charge
storage capacity of CPs is higher than EDLCs and some of the metal oxides, the same
process of charge storage is also a flaw for the CPs due to the damage of polymer structure
upon continuous doping/dedoping in the entire polymer during charge-discharge which
shortening the overall life [182,183].
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Figure 1.8 Conductivity of some metals, semiconductors, insulators and conjugated

polymers.

1.4.2.1 Polyaniline

Polyaniline (PANI) is among the most widespread studies that have been
conducted on CPs, with a unique doping mechanism and a variety of forms. Even though
the early discovery of PANI occurred in 1862, which is named aniline black but the
electrical conductivity properties were realized in 1985. The electrical conductivity of
PANI is first experimentally measured by MacDiarmid which is prepared by chemical
oxidization of aniline in 1 M HCI acid by ammonium peroxydisulfate (APS). The
obtained green powder of PANI displays the conductivity of 3 S/cm [184]. PANI can be
easily prepared from aniline monomer by chemical oxidative polymerization using an
oxidizing agent. As an example, the general steps involved in the synthesis of PANI are
given in Figure 1.9. The basic molecular structure of PANI is composed of Benzenoid
and quinoid rings. Unlike other CPs, PANI can exist in three different states depending
on its oxidation state: Leucoemeraldine, emeraldine, and pernigraniline, which are totally
reduced, half-oxidized, and totally oxidized forms, respectively [185,186]. Different
forms of PANI are shown in Figure 1.9 [187]. Interestingly, PANI can also show
electrochromic properties, because of its appearance in different colours (transparent,
yellow, violet, blue, and green) in different oxidation states.

The conductivity of PANI is realized upon conversion of emeraldine base of PANI
into emeraldine salt form by protonic acid doping as shown in Figure 1.9 [188]. Only
Emeraldine salt form of PANI possesses conductivity and other forms of PANI are
insulators even after protonation. Protonic doping makes PANI as a special kind of CP
because the doping does not impose any addition and removal of electrons from the
polymer backbone. In this process, externally, electrons do not take any part in creating

PANI conductive. The conductivity is induced by the formation of charged segments or
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species, such as radical cations (polarons), and dications (bipolarons) [189]. More clearly,
in the doping process, a proton is bound to the imine N nitrogen atom of a quinone ring
of the polymer chain. The quinone ring is then reduced to a benzene ring and the polymer
chain is positively charged (polaron). An anion later enters the polymer chain to maintain
electron neutrality [186]. The extent of protonation of imine nitrogen relies on the
oxidation state and pH of the aqueous acid and complete protonation of it gives rise to
doubly charged bi-polaron that simultaneously dissociates into delocalized
polysemiquinone radical cations or two polarons with a rise in conductivity [188,190].

The existence of multiple redox states and the special proton exchange doping
mechanism of PANI have grabbed the attention to extend its use in various domains of
energy storage applications [186]. Polyaniline is an extensively investigated electrode
material for supercapacitors owing to its easy synthesis, better electrical conductivity,
multiple redox states, high doping level (~0.5), flexibility, and good environmental
stability [180]. Because of multiple redox states, PANI is believed to deliver high specific
capacitance. PANI has a high specific capacitance in protonic acid and protic ILs
electrolytes due to protonic doping. A single PANI electrode can deliver a relatively high
theoretical capacitance of 2000 F/g in 1.0 M H2SO4 under the redox potentials of 0.15-
0.76 V versus SCE. However, the experimentally obtained values were much lower
because of various synthesis and other experimental conditions. moreover, the cycle life
of PANI-based devices is limited due to the tendency of volume change with the
continuous charge/discharge process. The continuous doping/dedoping of counterions
during charge-discharge causes the shrinkage/swelling of polymer resulting in
mechanical failure of the polymer electrodes at higher cycles. Another issue with PANI
is that it is susceptible to oxidative degradation, which results in poor performance even
after minor overcharging. The conductivity and morphology of PANI have greatly
influenced the electrochemical nature of resultant PANI.
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Figure 1.9 Mechanism of polymerization of PANI and different forms of PANI.

To improve PANI's electrochemical performance, mainly, two different strategies
have been used. The first strategy is the construction of nanostructured PANI with
different morphologies (nanofibers, nanorods, nanotube, nanosheets, nanospheres, etc.)
and porous structures (3D conducting PANI porous networks, PANI hydrogel, PANI
aerogel structures). Various synthesis methods are followed to prepare these different
morphologies of PANI nanostructures and achieved enhanced electrochemical properties
as SCs electrodes. These PANI nanostructures provide a larger surface area, high
utilization efficiency, and decrease the transport pathways of ions and electrons [191—
194]. The literature review on various types of nanostructured PANI and porous PANI

structures reported is presented in Table 1.6.
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CHAPTER 1

Material Eleilt(:gtjrgls{/tsegem Specific capacitance Ref.
PANI NFs 1 M H2S04/3 ele. 239 F/g at 0.5 A/g [195]
PANI NRs 1 M H2S04/3 ele. 297 Flgat1 A/g [196]
PANI NSs 1 M H2S04/3 ele. 272 Flg at 1 Alg [197]
PANI NRs 0.5 M H2S0O4/3 ele. 106 F/g at 1 Alg [198]

3D porous PANI 1 M H2S04/3 ele. 350 F/g at 1 A/g [199]
1 M H2S04/3 ele. 455 F/g at 0.5 A/g
Porous PANI PVA/ HpSOu/2 ele. | 1493 Figat02 Alg | 200
PANI hydrogel 1 M H2S04/3 ele. 252 F/g at 0.5 A/g [201]
PANI aerogel 1 M H2S04/3 ele. 184 F/g at 0.5 A/g [202]
PANI/rGO 1 M H2S04/2 ele. 220 F/g at 0.2 A/g [170]
PANI/MWCNT 1 M H2S0u4/3 ele. 431 F/g at 1.4 Alg [203]
v-MnO2/PANI 0.5 M H2S04/3 ele. 493 F/g at 0.5 A/g [204]
V307-rGO-PANI 1 M H2S0u4/3 ele. 579 F/g at 0.2 A/g [205]
TizC2/PANI 1 M H2S04/2 ele. 300.8 F/g at 0.1 A/g [206]
rGO/PANI 1 M H2S04/2 ele. 438 F/g at 0.5A/g [207]
graphene/PANI 1 M H2S04/3 ele. 357 F/g at 0.1A/g [208]
Graphene/PANI 1 M H2S04/3 ele. 257 F/g at 0.1 A/g [209]
PANINWASISD |4 \j,s042ele. | 723 Figat 1 Alg [210]
graphene
PANI/rGO 1 M H2S04/3 ele. 250 F/g atl0 mV/s [211]
PANI/GNRs 1 M H2S04/2 ele. 340 F/g at 0.25 A/g [212]
rGO/PANI 1 M H2S04/3 ele. 72 Flg at 2 mV/s [213]
PANI/RGO 1 M H2S0./3 ele. 431 F/g at 0.1 Alg [214]
PANI/rGO PVA/H2S04/2 ele. 264 F/g at 1.8 A/g [215]
PANI-RGO 1 M H2S04/2 ele. 288 F/lg @ 0.1 A/g [216]
NG/PANI 1 M H2S04/2 ele. 93.2F/gatl A/g [217]
N-GNS-PdANP-PANI | 1 M H2S04/2 ele. 230 F/gat 0.1 A/g [218]
PANI/BG 1 M HzS04/2 ele. 241 F/g at 0.5 A/g [219]
N-3D-rGO/PANI 1 M H2S0u4/3 ele. 282 Flgat 1 Alg [220]
NG / PANI 1M HoSOu/3ele. | 1098 ngg?’ A0S 1 o
3D NG/PANI 1 M H2S04/2 ele. 528 F/g at 0.1 A/g [222]
H-NrGO-PANI | 10% PVQ{;HZSO“/ 2 | 510 Flgat1 Alg [223]
N/SGH/PANI 1 M H2S04/3 ele. 236.5 F/g @ 0.5 A/g [224]
SG/PANI 1 M H2S04/3 ele. 478 F/lg @ 0.5 A/g [225]
N-carbon /PANI 1 M H2S04/2 ele. 285 F/gat 0.5 A/g [226]
PANI/N-carbon 2 M KOH /3 ele. 276 F/lg at 0.2 Alg [227]
rGO-Au@PANI 1 M H2S04/2 ele. 212.8 F/gat1 Alg [228]
CF@RGO/PANI 1 M H2S04/2 ele. 868.5 F/gat1 Alg [229]
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CC-PANI-CBf 1 M H2S04/2 ele. 1039 F/g at 0.3 A/g [230]
PF-rGO/PANI 1 M H2S04/2 ele. 489 F/g at 0.5 A/g [231]
PANI-IPDI-rGO PVA/H2S04/2 ele. 485 F/g at 1 Alg [232]
PANI/GECF 1 M H2S04/2 ele. 976.5 F/g at 0.1 A/g [233]
PANI-FA 1 M H2S04/2 ele. 208 F/g at 2.5 Alg [234]
ZnS/RGO/PANI 6 M KOH/2 ele. 722 Flg at 1 Alg [235]
PANI-RGO-ZnO 1 M H2S04/2 ele. 40.5 F/g at 0.05 A/g [236]
PANI/NiO/SGO PVA-KOH/2 ele. 308.8 F/gat1 Alg [237]
Polyaniline-
Acetylene black- 1M KOH/2 ele. 135 F/g at 1 mA/cm? [238]
Copper cobaltite
PANI-rGO-Azo 1 M H2S04/2 ele. 310 F/g @ 0.25 A/g [239]
PANI-NG-CuCr204 1 M H2S04/3 ele. 443.4 Flgat 1 Alg [240]

The second important approach to improving the properties of PANI materials is
designing PANI composites with carbons [42,241,242], CNTs [203,243], graphene
[244,245], or even with metal or metal oxides [246-250]. Carbon composites are
particularly effective at increasing the cyclic stability and power capability of the
electrode. The presence of carbon in the composite increases the electrical conductivity
of the electrode, especially when the polymer is in its less conductive neutral (undoped)
state. The use of carbonaceous additives with PANI improves electrolyte percolation into
the bulk active material, increasing utilization of the polymer surface to participate in the
fast charge/discharge process, increasing mechanical strength; and the carbon itself may
contribute additional double-layer capacitance [251]. PANI/graphene composites are of
special interest because of the specific advantageous properties of graphene discussed in
section 1.4.1.5. Graphene-based materials support the growth of PANI nanostructures and
improve chemical stability. The crystalline nature of graphene improves the structural
stability of the composites. The formation of PANI nanostructures on graphene layers
declines the agglomeration and restacking and increases the specific surface area
accessible for the electrolyte ions. Table 1.6 summarizes the research work reported on
PANI composite-based electrode materials used in SCs.

PANI-Graphene composites studies have revealed promising properties in terms
of increased specific capacitance and cyclic stability, when it is employed as electrode
material for SCs. However, in desire to use graphene in real world applications, it must
be synthesised in its original form and produced in large guantities. Chemical reduction
of GO is a promising method for producing rGO in high quantities (rGO) [133]. In
addition, rGO is a suitable candidate to composite with PANI to improve the chemical
stability and electrochemical performance of electrode material [252—-254]. The presence
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of excess oxygen functional groups and stacked graphene layers in rGO, on the other
hand, minimise the conductivity and surface area accessible to electrolyte ions.
Meanwhile, heteroatom doping in graphene networks is an effective technique for
mitigating the disadvantages and improving the properties of rGO. Doping of heteroatoms
causes rGO to become pseudocapacitive, and doping generates trap centers in the
graphene lattice to store charge carriers, leading to higher energy storage capacity
[149,255,256]. Recent studies are also reported an enhance performance with
PANI/Hetero atom doped rGO composites compared to PANI/rGO. For instance,
Gopalakrishnan et al. produced N-rGO/PANI composite with a 1:6 ratio using in-situ
polymerization and achieved a specific capacitance of 715 F/g at a current density of 0.5
Alg in a three-electrode setup. In this experiment, N doping is achieved by thermal
annealing at 900 °C in a N2 environment. [257]. Zhisen Liu et al. investigated
electrochemical properties of N-3D-rGO/PANI nanowire composites, a specific
capacitance of 282 F/g at a current density of 1 A/g is found in a three-electrode system
where N-rGO is produced using high-temperature thermal treatment. [220]. Liu et al.,
produced a holey N-rGO Holey nitrogen-doped reduced graphene oxide (H-NrGO) via
refluxing GO with NH3.H20 as doping reagent and H20: as etching reagent, followed by
chemical reduction. H-NrGO is hybridized with PANI using simple chemical
polymerization method. In a symmetric cell configuration, they found that the specific
capacitance of H-NrGO/PANI composite (510 F/g at 1 A/g) is higher than the PANI/rGO
composite electrodes (426 F/g at 1 A/g) [223]. Hao et al., have reported on sandwich-like
polyaniline/B-doped graphene material for SC. The SC behaviour of the prepared
electrode materials were evaluated in two different electrolyte systems using symmetric
cell assembly. A maximum specific capacitance of 241 and 189 F/g is obtained at 0.5 A/g
in 1 M HxSO4 and 6 M KOH electrolytes, respectively [219]. Fan et al., synthesized
sulfonated graphene/polyaniline nanocomposite paper and studied its electrochemical
properties for SC. They found high specific capacitance of 478 F/g at 0.5 A/g in three-
electrode configurations [225]. Recently, Du et al., have prepared N, S-co-doped
graphene/polyaniline composite hydrogel. The resultant composite delivered a maximum
specific capacitance of 236.5 F/g at 0.5 A/g based on a three-electrode configuration
[224]. Even though PANI/graphene based composite materials are found to be one of the
best electrode materials for SCs, but the specific capacitance is fall below 300 F/g in
symmetric configuration (Table 1.6). Therefore, based on this literature, we have been
motivated to develop PANI/rGO and PANI-heteroatom doped reduced graphene oxide-
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based composite materials using a simple and easy synthesis process for obtaining

enhanced properties as electrode materials for supercapacitors.

1.5 Objectives of the present study:
The main objectives of the present work are given as follows.

» To develop efficient electrode materials for supercapacitors such as PANI/rGO
based composites and biowaste-derived porous carbon.

» To enhance the electrochemical properties of PANI/fGO composite-based
electrode materials by doping reduced graphene oxide with nitrogen (N) and
sulfur (S).

» To fabricate supercapacitors (in symmetric geometry) by using respective
PANI/rGO based composites, and porous carbon as electrode materials, to achieve
improved specific capacitance and better cyclic stability.

+ Experimental work carried out:

1. Preparation of GO using modified Hummers’ method, reduced Graphene Oxide
(rGO), and heteroatom (N, S) doped rGO is synthesized using hydrothermal
reduction method.

2. Preparation of PANI/rGO composite-based electrode materials using in-situ
polymerization.

3. The effect of heteroatoms doped rGO on structural and electrochemical properties
of PANI composites has been studied.

4. Synthesis of porous carbon using nature abundant biowaste of corn husk by
carbonization and chemical activation method.

5. Flexible electrodes are prepared using respective polyaniline-reduced graphene
oxide composites and porous carbon materials and their electrochemical
properties are evaluated for symmetric supercapacitor.

1.6 Structure of the Thesis
The present thesis explores the utilization of carbon 2D materials for improving
the performance of polyaniline composite electrode materials for supercapacitors. The
studies on the effect of synthesis method on the structural and electrochemical properties
of materials are thoroughly investigated. Further, this study also includes the preparation
of porous carbon electrode material from biowaste corn husk for supercapacitors.
¢+ Chapter 1 has provided an overview of energy demand and the necessity for effective
electrochemical energy storage systems. It covers the history of a supercapacitor,

types of storage mechanisms that exist, and how they work, as well as the advantages
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and disadvantages of each type. It also includes information on the types of
supercapacitors based on device geometry. In addition, a review of the literature on
several types of electrode materials is presented. In particular, polyaniline and
polyaniline - graphene composite-based electrode materials for supercapacitors are
described. A comparison table of supercapacitor performance based on polyaniline
composite electrode materials will be presented. Finally, the objectives and plan of
the work are discussed in this chapter.

% Chapter 2 provides detailed information on the material synthesis and the
characterization techniques used in the present study. It includes the preparation of
GO using modified Hummers’ method, synthesis of rGO, N-rGO, and S-rGO using
hydrothermal reduction method, and synthesis of polyaniline, polyaniline reduced
graphene oxide-based composites using in-situ polymerization method. It also
includes the synthesis of porous carbons using corn husk biowaste as raw material.
Further, the details of the characterization and electrochemical techniques used in the
present work have been discussed in this chapter. Structural and morphological
characterization by X-ray Diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), and Field
emission scanning electron microscope (FESEM), High-resolution transmission
electron microscopy (HRTEM). The surface area and pore structure of the materials
is investigated using N2 adsorption-desorption measurements. The electrochemical
properties are evaluated using cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), and electrochemical impedance spectroscopy (EIS) methods.

¢+ Chapter 3 describes the structural, morphological, and electrochemical properties of
polyaniline-reduced graphene oxide composites (PRGO) which are synthesized using
in-situ polymerization followed by low-temperature hydrothermal treatment. During
polymerization, aniline monomer gets adsorbed onto the layers of GO easily due to
the presence of oxygen functional groups. These adsorbed aniline molecules
subsequently get polymerized. Further, the hydrothermal treatment of polymeric
solution leads to the reduction of GO and forms a densely packed nanocluster of
PANI. The FESEM studies revealed the higher wt.% of GO used in the synthesis of
PRGO composite leads to a more densely packed structure which declines the
capacitive performance. XRD studies confirm the reduction of GO and the formation
of PANI nanostructures on graphene layers. FTIR and Raman studies show that the
existence of strong interfacial contact between the polymer chain and graphene layer
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leads to improve electrochemical properties. A symmetrical supercapacitor is
assembled using a Swagelok cell for evaluating the electrochemical properties of
prepared electrodes in 1 M H2SO4 electrolyte. PRGO composite with 2 wt.% of GO
based electrode material has delivered a maximum specific capacitance of 299 F/g at
a current density of 0.5 A/g. Besides, this composite has shown good rate capability
and capacitance retention (88%) at a current density of 2 A/g after 2000 charge-
discharge cycles.

« Chapter 4 deals with the structural, morphological, and electrochemical properties
of polyaniline-N doped reduced graphene oxide (PANI/N-rGO) composite. Initially,
N-rGO is synthesized using hydrothermal method at 180 °C where urea is used as a
reducing agent as well as an N-containing precursor. GO reduction and N doping into
graphene lattice is confirmed using XRD, FTIR, Raman, and XPS analysis. In-situ
polymerization is followed to synthesize PANI/N-rGO composite. The properties of
the PANI/N-rGO composite are compared with the pristine PANI and PANI/rGO.
From the FESEM studies, the long-range interconnected network morphology is
observed for PANI/N-rGO composite which leads to an increase in surface area. N>
adsorption studies confirm the high surface area of 82.80 m?/g for PANI/N-rGO
owing to the long-range interconnected network-like structure. Flexible electrodes are
prepared to study the electrochemical properties of the composite material. In a
symmetrical supercapacitor configuration, PANI/N-rGO exhibited enhanced
electrochemical properties compared to PANI and PANI/rGO composite. A specific
capacitance value of 322 F/g is obtained for PANI/N-rGO composite at a current
density of 1 A/g. Further, PANI/N-rGO demonstrates better rate capability and
enhanced cycling stability (93% capacitance retention after 1000 cycles).

% Chapter 5 describes the properties of a facile grown well-aligned sulfonic acid doped
polyaniline nanostructures on S-doped reduced graphene oxide (SPANI/S-rGO). S-
rGO is synthesized using hydrothermal reduction at 180 °C where sodium sulfide is
used as a reducing agent as well as S containing precursor. In-situ polymerization
method is used for the growth of PANI nanostructures on S-rGO sheets. The effect of
different wt.% of S-rGO on the structural, morphology, and electrochemical
performance of SPANI/S-rGO composites is evaluated. The XPS survey spectra of S-
rGO contains peak related to S 2p in addition to C 1s and O 1s peaks confirming the
successful doping of Sulphur spaces in the graphene network. From the XRD plots of
SPANI/S-rGO composites, it is noticed that the intensity of diffraction peak at 25° is
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increased with increasing concentration of S-rGO, indicating the successful
incorporation of S-rGO nanosheets in the composites. An additional small intensity
peak is also observed at 26 of 43° in SPANI/S-rGO composites, which is related to
the graphitic phase of S-rGO. For PANI, vertically aligned nanoarray morphology is
observed. In PANI/S-rGO10 (10 wt.% of S-rGO), the growth of PANI nanostructures
is more prominent and is vertically aligned in all directions with the support of S-rGO
sheets. Further increase in wt.% of S-rGO leads to overlapping of PANI
nanostructures with S-rGO which restricts the electroactive surface area accessible
for electrolyte ions. The well-aligned nanostructures of SPANI/S-rGO10 composite
could result in high contact area for the electrolyte ions to diffuse and enhance the
charge transfer property of the material. Flexible electrodes are prepared to study the
electrochemical properties of the composite material using the Swagelok cell. The
SPANI/S-rGO10 composite electrode delivered a high specific capacitance of 348 F/g
at a current density of 1 A/g in a symmetrical supercapacitor. Further, this composite
electrode revealed impressive cyclic stability of 89% after 2500 cycles at a current
density of 2 A/g. The enhanced performance is attributed to the optimum loading of
S-rGO in designing binary composites and the well-aligned growth of SPANI
nanostructures on S-rGO sheets.

«+ Chapter 6 explains the detailed synthesis of porous carbons from nature-abundant
biowaste of corn husk using carbonization and chemical activation process. Initially,
the corn husk is subjected to carbonization at 800 °C to prepare corn husk biochar,
and then it was subjected to chemical activation by mixing 1:4 wt.% of KOH at
different activation temperatures from 600 °C to 800 °C. The effect of activation
temperature on the specific surface area and pore structure of the resultant carbons is
studied. Along with the high specific surface area, abundant micro and mesoporosity
are achieved for the CHPC activated at 800 °C (CHPC-800). FTIR and XPS results
revealed the existence of surface oxygen functional groups attached to the carbon
network which can improve the surface wettability of the electrodes. In a symmetrical
supercapacitor, CHPC-800 electrode material has delivered a maximum specific
capacitance of 133 F/g at a current density of 1 A/g. Further, CHPC-800 also showed
good cyclic stability, with 93% of capacitance retention after 4500 charge-discharge
cycles at a current density of 5 A/g. The improved performance of CHPC-800 is
attributed to the combination of both high surface area and porous structure of the

material.
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% In this Chapter 7, the summary and conclusions of the current thesis work are

presented. The scope for future work to expand in the field of research work has also

been suggested.
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EXPERIMENTAL DETAILS:
PREPARATION, CHARACTERIZATION, & MEASUREMENTS

This chapter contains detailed information about the synthesis methods adopted
for the preparation of PANI/rGO based composites and porous carbon electrode
materials. Further, various structural, morphology techniques employed to study the
properties of synthesized materials are discussed. It also explains the electrode fabrication
and supercapacitor device assembly. Finally, the performance evaluated electrochemical

characterization techniques used in this study are detailed in this chapter.

2.1 Materials
The chemicals and raw materials used in the present work are listed in the below

table. These chemicals are used as such without any further purification.

Table 2.1 List of chemicals and raw materials used for the synthesis of nanocomposites

and porous carbon electrode materials.

Chemicals Grade / Supplier
Graphite powder Sigma Aldrich
Aniline Sigma Aldrich
Ammonium peroxy-di sulphate (APS) Sigma Aldrich
Potassium permanganate (KMnOQO4) Merck chemicals
Hydrochloric Acid (HCI) Merck chemicals
Sulfuric Acid (H2S0O4) Merck chemicals
Hydrogen Peroxide (H20>) Merck chemicals
Carbon Black Alfa-Aesar
Polytetrafluoroethylene (PTFE (60 wt.%)) Sigma Aldrich
Urea Merck chemicals
Sodium sulfide (Na2S.xH20) Merck chemicals
2- Naphthalene Sulfonic Acid (NSA) Sigma-Aldrich
Corn Husk Local Market

2.2 Materials synthesis
2.2.1 Synthesis of crumble Graphene Oxide

The crumbled graphene oxide (cGO) has been synthesized from graphite
powder by following the modified Hummer’s method [1-3]. In a typical procedure,
4 g of graphite powder was dispersed in 200 ml conc. H2SO4 (98%) at 0 °C and
with constant stirring, followed by slow addition of 20 g of KMnO4 and left the

reaction mixture for 24 h with continuous stirring. Further, 500 ml of deionized
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(DI) water ice was poured slowly into the reaction suspension to sustain the
temperature of the solution under 70 °C followed by the addition of 20 ml of H.O>
into the reaction solution. Subsequently, vigorous bubbles appeared in the reaction
solution, and the greenish reaction solution changes to yellow colour. Afterward,
the solution was kept undisturbed for 5 to 6 h to settle down the precipitate and
filtered. Further, it was washed with (10 %) HCI to remove MnO. and other
metallic impurities, washed several times with DI water to bring pH ~ 7. the
graphite oxide powder is obtained by filtering and drying the suspension in an oven
at 60 °C for 24 h. Finally, cGO dispersion is prepared by dispersing the graphite

oxide powder in DI water (2 mg/ml) using ultrasonication.

2.2.2 Synthesis of Polyaniline-reduced crumbled Graphene Oxide (PRGO)

composites

Polyaniline-reduced graphene oxide nanocomposites (PRGO) were
synthesized with different weight percentages of GO to Aniline. The wt.% of GO
to Aniline is varied as 1 wt.% (1:100), 2 wt.% (1:50), 4 wt.% (1:25), and the
corresponding composites are named PRGO1, PRGO2, and PRGO4, respectively.
To prepare nanocomposite with 1 wt.% of GO, initially, 1 wt.% of graphite oxide
powder (9.3 mg) was dispersed in 20 ml of DI water and ultra-sonicated to form a
homogeneous solution of GO with no visible particle. The resulting GO dispersion
was added to the mixture of 0.1 M Aniline containing 80 ml of 1 M HCI solution
with continuous stirring and maintained the solution temperature of 5 °C through
an ice bath. Once the GO solution is fully mixed uniformly, 0.1 M of 20 ml aqueous
solution of APS was added slowly (dropwise) into the solution. As the reaction
proceeds with time, the colour of the solution change from dark brown to dark
green, indicating the formation of PANI (in Emeraldine form). As the
polymerization was complete after 6 h, the reaction solution as such without
filtration was transferred into Teflon lined stainless steel autoclave and
hydrothermally treated at 120 °C for 12 h. Further, it was allowed to cool down to
room temperature naturally. The precipitate was collected and washed with DI
water and acetone until the filtrate becomes colourless. Finally, it was dried at 60
°C overnight and then ground into a fine powder. The schematic for the synthesis
of PRGO composites is shown in Fig. 2.1. For comparison, pristine PANI is also

prepared by the same method in absence of GO.
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Figure 2.1 Schematic representation for the synthesis of PRGO nanocomposites.

2.2.3 Synthesis of N-doped reduced Graphene Oxide (N-rGO)

For the synthesis of N-rGO, 240 mg of graphite oxide powder is taken in 120 ml
DI water and subjected to ultrasonic treatment for 30 min. to obtain a clear GO dispersion.
Afterward, a desired amount of urea is mixed with GO dispersion and sonicated for
another 30 min. Then, it was poured into a Teflon-lined autoclave and hydrothermally
treated at 180 °C for 12 h. Further, the autoclave is allowed to cool naturally and the
precipitate is filtered and washed with DI water and ethanol repeatedly to eliminate the
unreacted reagents. The final product was obtained by drying the filtrate at 60 °C for 24
h. The rGO is also synthesized via a similar procedure by excluding reducing agents

during the hydrothermal process.

2.2.4 Synthesis of PANI/N-rGO composite

The synthesis process of PANI/N-rGO nanocomposite is as follows. Initially, N-
rGO sheets were dispersed in the mixture of DI water and ethanol (20 ml + 20 ml) under
ultrasonication. 2 wt.% of N-rGO has been used for the synthesis of PANI/N-rGO
composite. 50 ml of 1 M HCI containing 0.1 M aniline was prepared in another beaker
and kept under continuous stirring. Then, N-rGO dispersion was added to the above
mixture and it was transferred into an ice bath and cooled below 5 °C. After that 30 ml of
0.1 M of APS was dissolved in DI water and introduced drop by drop to the reaction
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mixture to initiate the polymerization. After 5 min. of reaction time, the solution is turned
into a green color, which is the indication of the formation of conductive emeraldine salt
form of polyaniline. Further, the polymerization is carried out for 24 h. After that, the
solution was filtered and washed with DI water and ethanol several times and then dried
at 60 °C overnight. The schematic of the synthesis process is shown in Fig. 2.2. For
comparison, PANI/rGO is synthesized using a similar procedure by replacing N-rGO with

rGO. Pure PANI is also prepared using a similar process.

functional
groups

o
£ Aniline adsorbed

GO nanosheets N-rGO nanosheets

PANI decorated N-rGO nanosheets

Figure 2.2_ Schematic representation for the synthesis of PANI/N-rGO
nanocomposite.
2.2.5 Synthesis of S — doped reduced graphene oxide (S-rGO)

For the synthesis of S — doped reduced graphene oxide (S-rGO), initially, graphite
oxide is prepared from graphite powder using the modified Hummers method. The steps
involved in the synthesis process of graphite oxide are explained in section 2.2.1. Then,
graphene oxide (GO) dispersion was obtained by sonication of graphite oxide powder in
deionized (DI) water (2 mg/ml) for 30 min. After that, Na>S was mixed with the above
GO dispersion (1:1 ratio with GO) and continuously sonicated for another 30 min. Then,
it was transferred into 120 ml of Teflon vessel and kept in a stainless-steel autoclave.
Further, the autoclave is heated at 180 °C for 12 h using a hot air oven. When the autoclave
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is reached room temperature, the precipitate formed at the bottom of the autoclave is
collected and washed with DI water repeatedly. Finally, the obtained product was dried
at 60 °C for 24 hr.

2.2.6 Synthesis of sulfonic acid doped polyaniline: S-doped reduced graphene

oxide (SPANI/S-rGO) nanocomposites

The synthesis procedure of SPANI/S-rGO nanocomposites is as follows. In the
first step, S-rGO is dispersed in the mixture of DI water and Ethanol (10 ml + 10 ml)
under the sonication for 1 h and it is named solution A. Simultaneously, 5 mmol of 2-
NSA solution (60 ml) containing 5 mmol of Aniline was prepared in another beaker under
continuous stirring and it was named as solution B. After 1 h, the two solutions (solution
A and solution B) are mixed and transferred into an ice bath and waited till the reaction
mixture reached a temperature below 5 °C. After that, precooled 20 ml solution of APS
(Aniline: APS = 1:1) was added dropwise to initiate polymerization in the solution and
kept for continuous stirring for 12 h. Then the stirring is stopped and the solution was
kept undisturbed for another 10 h to settle the final product at the bottom of the beaker.
Further, the precipitate was separated from the solution and filtered with repeated washes
using ethanol and DI water until the filtrate becomes colourless. Finally, the obtained
product was dried at 80 °C for 24 h. The schematic of the synthesis process is shown in
Fig. 2.3. The wt.% of S-rGO to Aniline was varied as 5 wt.%, 10 wt.%, 15 wt.%, and 20
wt.% and the corresponding nanocomposites were named as SPANI/S-rGO5, SPANI/S-
rGO10, SPANI/S-rGO15, and SPANI/S-rGO20, respectively. For comparison, pristine
SPANI is also synthesized using a similar method without the addition of S-rGO.
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Figure 2.3 Schematic of steps involved in the synthesis process of SPANI/S-rGO
composites.

2.2.7 Synthesis of corn husk derived porous carbon (CHPCs)

The synthesis of porous carbon is a two-step process, carbonization and then
activation. Initially, the corn husk (CH) is sliced into small peace and cleaned thoroughly
with tap water, ethanol, and then deionized water (DI water). The cleaned CH is dried in
the oven at 120 °C for 24 h and then crushed into powder. Later, 10 g of dried CH powder
is taken in an alumina boat and transferred into a tubular furnace, and subjected to
carbonization at 800 °C for 1 h with a heating rate of 5 °C/min under N2 atmosphere.
Then, the obtained black CH biochar (CHBC) is washed with 1M HCI and DI water,
repeatedly and kept on drying at 100 °C for 24 h. For chemical activation, 2 g of CHBC
is mixed with KOH (1:4 ratio) in 20 ml of DI water and dried at 100 °C for 6 h. As the
prepared mixture was shifted into an alumina boat and placed in a tubular furnace.
Subsequently, it was calcinated at 800 °C for 1 h under N2 gas flow with a heating rate of
5°C/min. Finally, CH-derived porous carbon (CHPC) is obtained by following the similar
cleaning steps used for biochar. The steps involved in the synthesis process of CHPC are
shown in Fig. 2.4. Three different activation temperatures are used for the preparation of
CHPCs and the corresponding samples are named CHPC-600, CHPC-700, and CHPC-
800.
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Figure 2.4 Schematic of steps involved in the synthesis of CHPC.

2.3 Materials Characterization
2.3.1 Scanning Electron Microscopy and Field Emission Scanning Electron

Microscopy

Scanning Electron Microscope (SEM) is a microscopic technique that uses an
electron beam instead of light to scan the surface of the material. It is an image processing
technique that produces features of the specimen such as surface morphology, structure,
and composition. The surface images are produced by scanning a high-energy focussed
electron beam on the surface of the specimen. The beam of electrons is generated either
by a thermionic gun where a tungsten filament is heated at high temperatures to produce
electrons or a field emission gun where a high electric field is applied to the tungsten
wire. The electron beam is focussed vertically onto the surface of the specimen by using
an electromagnetic lenses system. When the electron beam interacts with the surface, it
produces signals mainly secondary electrons, backscattered electrons, and characteristic
x-rays. These secondary and backscattered electrons are collected and processed to
produce surface images of the materials [4-7]. To produce high-quality images using
SEM, the sample surface must be conductive to prevent the charging effect which blurs
the image quality. To avoid this, generally, the surface of the sample is sputtered with the
conducting surface layer. In this thesis, we have used FESEM (CARL ZEISS, ULTRAS5)
and SEM (TESCAN, VEGA-3 LMU). For sample preparation, a few mg of powder
samples is spread over the copper adhesive tape and gold coating is performed using the

sputtering technique.
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2.3.2 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is also a microscopy technique, similar
to SEM, it also uses a highly focussed electron beam to produce the images of the
specimen. In this technique, the specimen should be thin in such a way that it should pass
the electron beam through the sample. Sample preparation is extremely important because
this technique works on the transmission of electrons through the samples. In this
technique, electron beam focussed on the sample is interacted with the sample and
transmit through it. The interaction of electron beam transmitted through the specimen is
further processed by an image detection system to produce the images of the samples.
TEM is useful to evaluate the microstructure, pore arrangement, and crystallinity of the
electrode material [8]. In this thesis, High-Resolution Transmission Electron Microscopy
(HRTEM, Thermofisher, Talos F200S) is used to obtain the TEM images of the electrode
materials. For sample preparation, powdered samples are dispersed in ethanol solvent by

ultrasonication and drop cast over a Cu grid.

2.3.3 X-ray Diffraction
X-ray Diffraction (XRD) is one of the most traditional, basic non-destructive
technique to analyse the crystal structure of the materials. The information about the
crystal structure is obtained by the interaction of X-rays with the atoms in a crystal plane
of the samples. When a monochromatic X-ray beam hits the sample and is diffracted at
different angles, which are collected by the detector. The peak position i.e., the angle of
diffraction and peak intensities are the important parameters to analyse the crystal
structure. Bragg’s stated that for every diffracted beam, there exists a set of crystal planes
such that the diffracted beam appears to be spectacularly reflected from the set of planes
[9,10]. The interference of these diffracted beams from the different crystal planes is used
to identify the crystal structure by using the Bragg’s law, i.e., the path difference between
two x-ray beams that are diffracted from the two successive crystal planes is equal to the
integral multiple of incident X-ray wavelength which is given in below equation.
2dsinf = ni (2.1)

Where n is an integer (n=1, 2, 3, etc) and X is the wavelength of X-ray (A= 1.5406 A). In
this thesis, XRD patterns of the powder samples are obtained by using a PAN Analytical
powder X-ray diffractometer equipped with Cu Ka-radiation of wavelength 1.54 A,
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2.3.4 Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared spectroscopy (FTIR) is also called vibrational
spectroscopy which helps us to find out the functional groups present in the sample. It is
a study on the interaction of infrared radiation with the material. FTIR works on the
principle of interferometry. In this technique, the sample is irradiated with the IR light
with variable frequency. Each functional group present in the sample has its characteristic
vibrational frequency. When the frequency of incident radiation matches the vibrational
frequency of the chemical bonds or functional group of molecules, the radiation gets
absorbed. The absorption of energy causes a change in the vibrational state of the
molecule from the ground state to an excited state. As a result, the dipole moment of the
molecule has changed. When IR light is incident on the sample, part of the radiation gets
absorbed and part of the radiation is transmitted. The transmitted light is collected with a
detector and forms an interferogram where it is in the time domain. The detected signal
is converted from time domain to frequency domain by Fourier transform computer-based
programming. Finally obtained FTIR spectra is the plot between the transmittance or
absorbance as a function of wavenumber. From the absorption peaks of FITR spectra, the
chemical functional groups can be determined [11,12]. The intensity of an absorption
peak is related to the population of a certain vibrational state, the number of molecules
vibrating at that frequency, and the change in molecular dipole moment [13,14]. In this
work, FTIR spectra were recorded on a PerkinElmer Spectrum-100 instrument in a

wavenumber range of 400 — 4000 cm™. KBr pellets are prepared for the FTIR analysis.

2.3.5 Raman spectroscopy

Raman spectroscopy is a spectroscopic technique of special interest because of its
ability to provide detailed information about the chemical structure, crystallinity, and
molecular interactions of the material [15]. Raman spectroscopy is first discovered by the
great Indian scientist Sir. C. V. Raman in 1928. He observed that when light strikes the
matter, a fraction of light is scattered and has a different colour which was later named as
Raman effect after his pioneering work. He was also awarded a noble prize in 1930 for
the discovery of Raman effect. Raman effect is a consequence of inelastic scattering of
incident light by the interaction of vibrational/rotational motion of the atoms/molecules.
The interaction of incident light causes a change in polarizability with respect to

vibrational motion, which induces a dipole movement in the molecule. As a result, we
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observe a change in the energy of light scattered by this induced dipole movement. When
the light is scattered with the same energy as incident photon energy then it is called as
Rayleigh’s elastic scattering. When the scattered light energy is lower than the incident
light energy, the corresponding transition is referred to as stokes line and the higher
energy transition is called as anti-stokes line [16,17]. The shift in the frequency of light
due to the interaction of vibrational/rotational motion of the molecules provides
information about the chemical bonds, and structure of the materials. The Raman
spectroscopic instrument consists of four major components, a laser source, sample
illuminator, filter, and detector. When Laser light strikes the sample surface at sample
illuminator and the light is scattered elastically or inelastically. The elastically scattered
light is filtered and the detector process the inelastically scattered light and produces a
spectrum consisting of change intensity as a function of change in frequency (Raman
shift). The Raman shift is corresponding to the interaction of vibrational/rotational motion
of the molecules providing information about the chemical bonds, and structure of the
materials. In this research work, the Raman studies are obtained by the Enspectra R532
Raman spectrometer operated with laser light of excitation wavelength 532 nm at room

temperature.

2.3.6 X-ray Photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widely employed spectroscopy tool
to understand the surface elemental composition quantitatively, and chemical state of the
sample being studied [18]. The XPS is a result of the interaction of x-rays with sample
surface of the order of a few nanometres depth. XPS works on the principle of
photoelectric effect. When the x-rays strike the atoms on the surface of the sample, core-
shell photoelectrons are ejected. As a result, the XPS spectral lines are identified by which
shell the electrons are emitted. The electrons present in each shell of atoms have their
binding energies (B.E.). Therefore, the kinetic energy (K.E.) of the emitted electrons is
given by K.E. = hv-B.E.-$ where ¢ is the work function. An electron energy analyzer is
used to measure the energy of the emitted photoelectrons [19,20]. From the binding
energy and intensity of a photoelectron peak, the elemental identity, chemical state, and
quantity of a detected element can be determined. The main components of an X-ray
Photoelectron Spectrometer are the X-ray source, sample stage, electron energy analyzer,
and detector. In the present study, XPS studies were carried out using a K-alpha electron

spectrometer equipped with an Al X-ray beam source.
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2.3.7 Thermogravimetric analysis

Thermogravimetric analysis (TGA) provides useful information about the thermal
behavior of the material such as thermal stability, decomposition temperature,
compositional analysis, etc. In this technique, change in the weight of the samples is
monitored with increasing temperature. The precision of TGA results depends on the
three main important measurements: change in weight, heating rate, and temperature [21].
In this study, a known weight sample is heated in an inert atmosphere to avoid unwanted
reactions of samples with atmospheric impurities during heating. The constant heating
rate is maintained by using a programmable heating furnace. The weight of the sample
varied with an increase in temperature due to the thermal decomposition of the sample.
The weight change is measured and plotted as a function of temperature to understand the
thermal behaviour of the sample being studied. The main components of the TGA
instrument are High precision weighing balance and a programmable heating furnace
with a temperature controller. NETZSCH STA 2500 model thermogravimetry analyzer

is used in the present study to evaluate the thermal properties of the samples.

2.3.8 Nz adsorption-desorption studies

N2 adsorption-desorption studies are useful to evaluate the surface area and pore
size distribution of the prepared samples [22]. In this technique, during adsorption, the N2
molecules get adsorbed on the available surface area of the sample with increased relative
pressure. During desorption, N2 is released with a decrease in relative pressure. The plot
between the quantity adsorbed as a function of relative pressure is used to estimate the
surface area and pore structure of the sample. Before proceeding with the measurements,
the samples are subjected to degassing at a particular temperature below the thermal
decomposition temperature of the sample for several hours (6 — 24 h) to remove surface
adsorbed contaminations, because it is a surface-sensitive technique. The weight of the
sample is recorded after cooling down to room temperature (approximately ~ 250 mg).
After degassing, the sample was subjected to N> gas at variable pressures and constant
temperature (generally at -196 °C). The amount of nitrogen gas adsorption/desorption
with an increase/decrease in applied pressure is measured [23,24].

In this work, N2 sorption/desorption has been carried out using a Micromeritics
ASAP2020 analyzer. The specific surface area (Stwt) of the samples is calculated by a
multiple-point Brunauer-Emmett-Teller (BET) model within the relative pressure ranges
from 0.05 to 0.25 [22]. The micropore surface area and micropore volume are calculated

using the t-plot method. The total pore volume of the materials is calculated at a relative
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pressure value of 0.99. The t-plot is used to calculate the micropore surface area (Smic)
and micropore volume (Vmic) [25,26]. The difference between St and Smic gives the
external surface are which consists of mesopores and macropores. The density functional
theory (DFT) model and Barret-Joyner-Halenda (BJH) methods are employed for pore
size distribution of the material [27].

2.4 Electrochemical Characterization
The electrochemical properties of the electrode materials are evaluated in a two-
electrode symmetric cell system. 1 M H2SOxs s used as an electrolyte for PANI composite-

based systems whereas 6 M KOH electrolyte is used for porous carbon electrodes.

2.4.1 Electrode Fabrication and Cell Assembly

For the preparation electrodes, 40 mg of synthesized material, 4 mg of CB, and
10 pl of PTFE solution are mixed with the addition of a few drops of ethanol under
ultrasonication for 30 min. Then it was mixed using a glass rod until it becomes a paste.
After that, this paste was rolled into a thick film on a glass plate. After 5 min, the film
electrode was peeled off from the glass plate and dried in a vacuum oven for 10 h. The
photograph of the prepared flexible film electrode is shown in the insight of Fig. 2.5. The
as-prepared flexible electrode is punched into 10 mm diameter pieces and was pressed at
10 MPa using a hydraulic press to give strength to the electrode. Two symmetric pieces
are used as electrodes and filter paper is used as a separator. A symmetric supercapacitor
device is assembled in a Swagelok cell by separating the electrodes with filter paper. The
schematic of Swagelok cell and the photograph of Swagelok cell are given in Fig. 2.5.
The electrochemical properties of the device are evaluated by performing electrochemical
measurements such as cyclic voltammetry, Galvanostatic charge/discharge,
electrochemical impedance spectroscopy measurements using PARSTAT 4000A, and

Origa-flex 500u electrochemical workstations.

-
| Symmetrical supercapacitor
ﬁ Flexible Electrode a8 —

Swagelok cell

Figure 2.5 Flexible electrode and SSC assembly.

2.4.2 Cyclic Voltammetry
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Cyclic voltammetry (CV) is an extensively adopted effective technique to
understand the electrochemical behaviour of electrode materials. This technique is
usually employed to identify the interaction of electrodes with electrolyte ions. It provides
information about the faradaic/non-faradaic reaction at the interface of electrode and
electrolyte as a function of applied voltage (V). The CV measurements were carried out
by applying a voltage across the device at a constant scan rate (mV/s) within the specified
voltage range, in both forward and reverse directions. The corresponding current (i)
response is measured and plotted against the applied voltage is called as cyclic
voltammogram. Generally, carbon-based electrodes exhibit rectangular or nearly
rectangular shape CV curves whereas, for pseudocapacitive electrodes, we notice a
deviation in CV curve rectangular with presence of redox peaks. The obtained CV plots
are used to calculate the specific capacitance (Csp) of the electrode material using the
following equation (2.2)

(F/g) (2.2)

__ J1wnav
P massAV

Cs

where [ T(V)dw is the integrated area under the CV curve, m is mass of the electrode, s

is the scan rate (mV/s), and AV is the voltage window.

2.4.3 Galvanostatic charge-discharge

Galvanostatic charge-discharge (GCD) is a standard testing method for measuring
the electrochemical characteristics of supercapacitors. This method is also called a
chrono-potentiometry technique where a constant current is applied and the voltage
response of the device is measured over time in a specified voltage range. A positive
constant current is applied to charge the device to a set maximum voltage and then it is
discharged by applying the same negative constant current until the voltage across the
device becomes zero. The change in voltage with time is plotted and a complete loop of
this charging-discharging is referred to as a cycle. This method is used to estimate the
performance characteristics of the assembled supercapacitor such as specific capacitance
(Csp), specific energy (Em), and specific power (Pm). The cyclic stability of the cell is
measured by conducting GCD continuously over a large number of cycles. The specific
capacitance values of electrodes are calculated from GCD measurements using the

following equation [28-30].

I+At
mx AV

Csp = (2.3)
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Where 1 is the discharging current, At is the discharging time, m is the mass of a single
electrode, At is the discharging time, and AV is the voltage window. Further, specific
energy (Em) and specific power (Pm) values are calculated using the following Eqgn. (2.4)
and (2.5), respectively [31,32].

Ep = = Csp AV (Wh/kg) (2.4)
P ==X 3600 (W/kg) (2.5)

2.4.4 Electrochemical Impedance Spectroscopy

The electrochemical impedance spectroscopy (EIS) is a complementary
electrochemical technique to understand the electrical properties of the electrode and the
interfacial interaction of charge or ion with the electrode surface at a stationary condition.
In this method, an AC sinusoidal voltage over a wide range of frequencies (0.01 to 10°
Hz) is applied to the electrochemical cell and its corresponding AC sinusoidal current
response is measured. The ratio and phase angle between the applied AC voltage and
obtained current response provide information about the complex impedance Z, which
consists of real (Resistor) and imaginary components. The variation of a real part and
imaginary part of the impedance is plotted, it is called as Nyquist plot [33]. These Nyquist
plots are used to estimate valuable parameters like cell resistance, double-layer
capacitance, and charge transfer resistance by interpreting them with an equivalent circuit
model with electrical components. In this research work, EIS studies are performed under
open circuit potential conditions by applying the AC voltage of 10 mV amplitude in a
frequency range of 0.01 Hz to 10 kHz.

2.5 Conclusions

In this chapter, we have given detailed information on the material synthesis and
the characterization techniques used in the present study. It includes the preparation of
GO using modified Hummers’ method, synthesis of rGO, N-rGO, and S-rGO using
hydrothermal reduction method, and synthesis of PANI, PANI/rGO based composites
using in-situ polymerization method. It also includes the synthesis of porous carbons
using corn husk biowaste as raw material. Further, the details of the characterization and
electrochemical techniques used in the present work have been discussed in this chapter.
Structural and morphological characterization by X-ray Diffraction (XRD), Fourier

transform infrared spectroscopy (FTIR), Raman spectroscopy, X-ray photoelectron
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spectroscopy (XPS), and Field emission scanning electron microscope (FESEM), High-

resolution transmission electron microscopy (HRTEM). The surface area and pore

structure of the materials is investigated using N2 adsorption-desorption measurements.

The electrochemical properties are evaluated using cyclic voltammetry (CV),

galvanostatic charge-discharge (GCD), and electrochemical impedance spectroscopy
(EIS) methods.
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CHAPTER 3

POLYANILINE/rGO COMPOSITE AS A FLEXIBLE ELECTRODE
MATERIAL SUPERCAPACITORS

3.1 Introduction

Conducting Polymers (CPs) are well known for their electrochemical
properties and are considered best suited for flexible or stretchable energy storage
devices. The electrochemical properties of CPs can be tuned depending on the
morphology, type, and size of polymers [1,2]. Hence, the design and development
of highly efficient flexible electrode material for high energy are crucial for
improving the performance of the supercapacitor [3]. Flexible supercapacitors
(FSCs) possessing high mechanical strength, an optimum surface area along with
high conductivity are the main parameter to meet the compliance in wearable,
foldable, and flexible devices [4]. Nitrogen-wearing functional polymers like
Polyaniline (PANI) is the best suitable candidate for the FSCs owing to their
advantages like high flexibility, multiple oxidation states, tunable electrical
properties, and environmental stability [5,6]. However, in PANI, there is huge
volume expansion during the charge-discharge process at a high current which
hampered the commercialization of PANI in supercapacitors [7,8]. To address the
above problems, PANI composite with carbon nanofibers, Carbon nanotubes,
graphene, and transition metal oxides, have been reported to enhance the
electrochemical performance by increasing the conductivity and surface area [9—
11]. PANI nanostructure incorporated with two-dimensional (2D) materials like
GO or rGO (having high conductivity and high specific surface area of ~2300 m?/g)
leads to an increase in the specific capacitance and cyclic stability [12]. Several
methods were reported for the synthesis of PANI/GO and PANI/rGO composite
and have shown promising performance for the supercapacitor application [13—
18]. Various studies were also have shown the performance of PANI/rGO composite is
better than the PANI/GO composite [12,19]. Further, few studies are also reported on the
synthesis of PANI/rfGO using the hydrothermal method, and their improved
electrochemical performance for supercapacitors [20—24]. However, we found that in
most of these reported studies, either GO is reduced by employing a reducing agent before
subjecting to the in-situ polymerization or high-temperature hydrothermal treatment
(~180 °C) is used while synthesizing PANI/rGO composite. In these synthesis techniques,

the reduction of GO done before in-situ polymerization causes the stacking of graphene

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 71



CHAPTER 3

layers, and therefore, the resultant rGO cannot be fully dispersed in DI water during the
in-situ polymerization process of Aniline. Further, the usage of high reaction temperature
(~180 °C) and reducing agents during hydrothermal synthesis also causes a reduction in
PANI [21]. The reduced state of PANI was accompanied by the transformation of
emeraldine salt form to non-conducting emeraldine base which decreases the
electrochemical performance of supercapacitor. Therefore, here we have reported a
simple facile procedure to synthesize PANI- reduced crumbled graphene oxide
(rcGO) nanocomposites by varying the wt. % of Aniline to crumbled graphene
oxide (cGO) using a reducing agent-free low-temperature hydrothermal method (120
°C) to avoid the reduction of PANI and to obtain the composite with better electrical
conductivity. Further, the oligomers/dimers formed during the polymerization of
Aniline in PANI/cGO solutions have been utilized for the reduction of cGO and
simultaneously a solid-state charge transfer mechanism is happening between
PANI chains and rcGO layers. Furthermore, hydrothermal reduction of cGO in
PANI creates better interfacial contact between the laminated PANI/rcGO which
prevents the restacking of graphene layers and offers exceptional electrochemical
properties. With a little modification in reaction parameter, we can get high-performance
PANI/rcGO composite at a lower temperature, making a more economically viable
process for scale-up of polyaniline-reduced graphene oxide binary composite for

supercapacitor application.

3.2 Results and Discussion

The preparation of PRGO nanocomposite is a two-step process, where first
cGO synthesis was carried out and then in-situ polymerization followed by
hydrothermal reaction at 120 °C. The in-situ oxidation polymerization of Aniline
with cGO in the HCI medium leads to a homogeneous cross-linked polymer chain
of PANI. During polymerization, dopant ions play a very directional role to form
the morphology of nanostructure and modification of surface properties of PANI
[25]. Due to the presence of functional groups (-COOH, -OH, and C-O-C) on
graphene sheets, the PANI/cGO is hydrophilic and has a high degree of hydration.
Once the polymerization is complete, the hydrothermal reduction of cGO through
the dimer and oligomer present in the polymer solution leads to removable of
functional groups to form more densely packed laminated with the fluffy structure
of PRGO. This heat-assisted reduction of cGO in the presence of the PANI chain

leads to more interfacial contact between the polymer chains and graphene layers
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providing more charge transfer and mechanical strength to the PRGO
nanocomposites. The densely packed nanoclusters of PANI lead to more charge in
a relatively shorter transmission path for electrolyte ions to interact with the
electro-active surface of PANI and graphene layers in PRGO favour the enhanced
electrochemical performance.

The powder XRD images of cGO, rcGO, PANI, PRGO1, PRGO2, and
PRGO4 are shown in Fig. 3.1. The wide d-spacing (d =0.838 nm) corresponds to a
peak related to (002) reflection at 26 = 10.3° confirming the oxidation of graphite
powder to cGO whereas a broad diffraction peak at 206 = 24.5° was observed for
rcGO (d=0.359 nm). The hydrothermal reduction leads to a decrease in d -spacing
from 0.838 nm to 0.359 nm due to the removal of oxygen-containing functional
groups from the basal planes of cGO [26]. In the diffraction pattern, PANI exhibits
three broad and less intensive diffraction peaks centered at 20 = 14.15°, 20.27°,
and 25.06° shows that PANI is having partial crystallinity with amorphous
background [27]. The diffraction peaks at 14.5° and 19.25° are assigned to the
periodicity perpendicular to the polymer chain, and the peak at 25° is due to the
periodicity parallel to the polymer chain [28]. PRGO1, PRGO2, and PRGO4
possess a similar XRD pattern as that of PANI, and the diffraction peak related to
cGO has disappeared. The XRD results suggested that the successful reduction of
cGO and PANI nanostructures were firmly settled on the surface of the rcGO sheets
and retained their crystal structure. Further, no extra peaks are observed in the
synthesized composite reveals the graphene sheets are fully laminated by the PANI

chains as supported by FESEM images.
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Figure 3.1 XRD pattern of cGO, rcGO, PANI, PRGO1, PRGO2, and PRGO4
nanocomposites, respectively.

The surface morphologies of cGO, rcGO, PANI, and PRGO2 composite
were analyzed through FESEM as shown in Fig. 3.2. The cGO (Fig. 3.2a) shows
crumbled layered morphology whereas rcGO possessed some aggregated sheets,
which is linked to the restacking of graphene layers after hydrothermal reduction
of cGO. From Fig. 3.2b, it is visible that the graphene layers are more agglomerated
due to loss of oxygen-containing functional groups (-CO, -COOH, -C-O-C- and -
OH) present on the surface of cGO leading to less porous structure and more
Vander Waals interactions. For PANI, the APS initiates the oxidation
polymerization of monomer Aniline in a hydrochloric medium at low temperature
leading to interconnected nanostructures to form a continuous network (Fig. 3.2c).
In composites, a short-range PANI nanostructure network is formed on the surface
of graphene sheets which is more densely packed with increasing wt.% of cGO in
PRGO composites (Fig. 3.2d-f). Due to the presence of crumbled layers of cGO and
the presence of electronegative oxygen functional groups, aniline monomer gets adsorbed
onto the layers of cGO easily. These adsorbed Aniline molecules on the graphene
layers undergo oxidation to form positive free radical cation (anilinium cation) at
the surface of graphene layers which combine with another ion to form a dimer and
subsequently get polymerized and cover the surface by densely packed nanocluster
of PANI in the form laminates. Further, the heat treatment of polymeric solution
leads to the reduction of cGO and crosslinking of PANI chains with removable
functional groups (-CO, -COOH, -C-O-C- and -OH) to form a fluffy structure of
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PRGO composites (Fig. 3.2d-f). Furthermore, the reduction of cGO to form better
interfacial contact between the polymer chains and graphene layers provides an
improved charge-transfer mechanism to facilitate more active sites for enhanced
electrochemical performance. Excess amount of cGO in PRGO4 composite (Fig.
3.2f) leads to the agglomerated graphene layers with a short range of

interconnections and a more densely packed structure affects the electron transport

properties of composite and decrease the specific capacitance.

Flgure 3. 2 FESEM images of (a) cGO (b) rcGO (cs PANI, (d) PRGOl (e) PRGOZ
and (f) PRGOA.

To get an insight view of synthesized material and strengthen the results
obtained from the FESEM, pure PANI and PRGO2 composite are also analysed by
TEM. Fig. 3.3a-d shows the TEM and HRTEM images of PANI and PRGO2
composite. From Fig. 3.3a, pristine PANI consists of short-range nanorods
interconnected network which is agglomerated to form cluster whereas these
interconnected networks of PANI nanostructures are fully covered the surface of
graphene layers to form densely pack fluffy structure in PRGO (Fig. 3.3c). From
Fig. 3.3d, we can observe the presence of both few-layer graphene covered by the
amorphous PANI (as we have seen in Fig. 3.3b) at the boundary, which shows that
cGO layers will provide favourable support for the growth of PANI nanostructures
[28]. Such type of structural foundation improves the charge transport kinetics of
the composite material, hence, it is more beneficial to develop a high-performance

supercapacitor [21].
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Figure 3.3 TEM images of (a) PANI & (b) PRGO2 and HRTEM images of (c)
PANI & (d) PRGO2.

FTIR & Raman spectroscopy are very effective techniques to study detailed

structural information about the functional groups present in the nanostructured
material. The formation of rcGO in the PANI network has been measured through
FTIR and Raman spectroscopy. FTIR spectrum of cGO, and rcGO are shown in
Fig. 3.4 of supplementary information. The characteristic peaks of cGO related to
aromatic (C=C), epoxide (C-O-C), and carbonyl (C=0) groups are observed at
1582 cm™, 1029 cm™, and 1719.54 cm™?, respectively (Fig. 3.4). This is in line with
the vibrational absorption peaks observed in the FTIR spectrum of a typical GO
sample reported elsewhere [29]. After hydrothermal reduction, the intensity of all
the peaks corresponding to oxygen functional groups is decreased, which indicates

the heat treatment leads to the reduction of cGO to some extent (Fig. 3.4). The

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 76



CHAPTER 3

presence of a vibrational peak at 1580 cm™ and the appearance of double peaks at
2943 cm™, and 2890 cm™ confirms the restoration of sp? hybridized C=C groups
in rcGO [30].

Transmittance (a.u.)

=0 (Carbonyl)

\

C-0-C

5 . C=C (aromatic) O-TI (Ilydorxyl)
(EPOXY) 00T (Carboxy])

1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm'l)

Figure 3.4 FTIR spectrum of cGO and rcGO.

FTIR spectrum of PANI, PRGO1, PRGO2, and PRGO4 are shown in Fig.
3.5a. For PANI, the absorption peaks at 1488 cm™ and 1582 cm™ are attributed to
the aromatic C=C stretching of benzenoid ring and quinonoid ring of PANI,
respectively [21]. The other absorption peak at 1296 cm™ is related to the C-N
stretching of secondary amines and the strong bond at 1122 cm™ corresponds to C-
H bending vibration of the benzene ring [13]. All the prominent peaks, which are
related to the PANI, are retained in all the composites. After hydrothermal
treatment, the peaks related to benzenoid and quinoid ring are red-shifted with the
increasing concentration of cGO. This shifting phenomenon is indicating the strong
interfacial contact between the rcGO and PANI [31,32]. The strong interaction
between rcGO layers and PANI nanostructures facilitates high electron transport

thus increasing the specific capacitance of the composite material.
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Figure 3.5 (a) FTIR spectra of PANI, PRGO1, PRGO2, and PRGO4, and (b)
Raman spectra of cGO, rcGO, PANI, PRGO1, PRGO2, and PRGO4
nanocomposites.

Raman spectroscopy is an excellent tool to study the chemical structure of

carbon-based materials [33]. Fig. 3.5b shows the Raman spectra of the samples. In
the case of cGO and rcGO, the G band at 1594 cm™ and D band at 1350 cm™ are
observed. The G band is linked to Ez4 vibrations modes of sp? hybridized carbon
domains while the D band is closely associated with the structural defects within
the nanomaterial [34]. The Ip/lg ratio is used to scrutinize the degree of defects
present in the carbon material. The Ip/lg of rcGO is 1.01, which is higher than that
of cGO (0.89), this may be due to the partial restoration of graphitic structure and
the addition of defects and disorder in the rcGO after reduction [35]. These defects
rich frameworks facilitate sufficient contact between the electrode and electrolyte
for ion diffusion [36]. A series of characteristic bands at 585 cm™, 810 cm™, 1168
cm?, 1225 cm™?, 1344 cm?, 1494 cm?, and 1591 cm™ are found in the Raman
spectra of PANI. The C=N stretching vibrations are associated with the peak at
1494 cm™* while the peak at 1591 cm™ is associated with the C=C quinoid/benzene
ring, respectively. The other peaks at 585, 810, 1168, 1225, and 1344 cm™ are
related to the ring deformation of the benzene/quinoid ring, C-H out of plane
bending, C-H in-plane bending of the quinoid ring, C-N stretching mode of
polaronic units, and protonic stretching of C-N™ in quinoid ring, respectively [37].
For, PRGO composites, the peak at 1591 cm™ is red-shifted to 1576 cm™ and the
corresponding intensity of all the peaks was reduced, confirming the solid-state
charge transfer interaction between the rcGO nanosheets with PANI [25].

XPS analysis is further performed to obtain information about the surface
elemental composition of the samples. The survey spectra of cGO, rcGO, PANI, and

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 78



CHAPTER 3

PRGO2 composite are shown in Fig. 3.6 and the corresponding elemental composition is
given in Table 3.1. The survey spectra of cGO and rcGO contain both the C1s and O1s
peaks whereas additional peaks corresponding to N1s and CI 2p are observed for both
PANI and PRGO2 composite (Fig. 3.6). It is seen from the survey spectrum of the cGO
prepared by the modified hummer method to contain a higher amount of oxygen
functionalities and which was decreased after heat treatment at 120 °C in the case of rcGO
(Fig. 3.6).
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Figure 3.6 XPS survey spectra of cGO, rcGO, PANI, and PRGO?2.

The high-resolution C1s spectra of ¢cGO (Fig. 3.7a) has various bonding
configurations such as C-C/C=C (284.5 eV), C-O (286.4 eV), C=0 (287.5 eV), and O-
C=0 (288.8 eV) confirms the formation of cGO. Further, we found that there is a decrease
in intensity of the peaks related to oxygen functionalities in high-resolution C1s spectra
of rcGO (Fig. 3.7b) indicating the reduction of cGO after heat treatment. The high-
resolution C1s spectra (Fig. 3.7c&d) of PANI and PRGO2 deconvoluted into three
components related to C-C (284.5 eV), C-N/C=N (285.5 eV), and O-C=0 (288.5 eV).
The peak at 288.8 eV is shown the oxidation level of the sample surface, it is consistent
with the reactive nature of most of the conjugate polymers [38]. Further, there is a notable
increase in the carbon content associated with the C-C bond, and oxygen functionalities
(O-C=0) are observed for PRGO2 composite confirming the presence of rcGO and the
interaction of imine groups of PANI with the oxygen functional groups of cGO in the

composites.
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Table 3.1 Elemental composition of cGO, rcGO, PANI, and PRGO2.

CHAPTER 3
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At.% AtL% At % % % % %
cGO 7150 - 28.50 - - -
rcGO 87.29 - 12.71 - - -
PANI 82.87 10.74 6.39 6.51 58.36 27.44 7.68
PRGO2 86.94 5.39 7.67 12,73 5559 26.99 4.67
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Figure 3.7 High-resolution C1s spectrum of (a) cGO, (b) rcGO, (c) PANI, (d) PRGO2,
and high-resolution N1s spectrum of () PANI, and (f) PRGO2.
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The deconvoluted N1s spectra of PANI and PRGO2 (Fig. 3.7e&f) contain the
peaks related to quinoid imine (398.2 eV), and benzenoid amine (399.4 eV), protonated
radical cation N* (400.7 eV), and azane-type (402.2 eV) state of nitrogen. Generally, the
ratio of protonated nitrogen to overall nitrogen content (N*/N) will give information about
the doping level in polymer, responsible for the conductivity of PANI [20]. There is only
a little decrease in the N*/N ratio is observed for PRGO2 composite (26.99%) indicates
the high doping level of composite with good electrical conductivity. Furthermore, the
presence of azane-type nitrogen content has well supported the existence of crosslinking
in both PANI and PRGO2 composite, in line with the FESEM and HRTEM results
[37,39]. Moreover, there is a notable increase in the concentration of quinoid imine
groups in PRGO2 composite clearly shows the strong n-  interaction of graphene layers
with polymer chain as we observed in FTIR and RAMAN results.

The comparison of electrical conductivity of PRGO1, PRGO2, and PRGO4
samples with pristine rcGO and pure PANI has been represented in Fig. 3.8. Here, we
found that the electrical conductivity for all the PANI/rcGO composite samples i.e.,
PRGOL1 (6=1.33 S/cm), PRGO2 (6=4.81 S/cm), and PRGO4 (5=3.83 S/cm), is relatively
higher compared to the electrical conductivity of pristine rcGO (c=0.22 S/cm) and pure
PANI (6=0.89 S/cm) samples. This is owing to the strong n-n stacking between the PANI
nanostructures and rcGO layers [12,21]. Also, it is observed that PRGO2 has revealed the
highest conductivity among all the three PANI/rcGO samples due to the better
morphology of the PRGO2 samples compared to PRGO1 and PRGO4 samples as evident
from the FESEM images shown in Fig. 3.2(d-f).

—e— Conductivity (S/cm})

=g

~ w = n
T T T T

Conductivity ($/cm)

rcGO PANIL PRGO1 PRGO2 PRGO4

Composites

Figure 3.8 Electrical conductivity of rcGO, PANI, PRGO1, PRGO2, and PRGO4,
respectively.
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TGA of cGO, rcGO, PANI, and PRGO composites samples were evaluated
in Argon atmosphere between 30 - 800 °C temperature range at a heating rate ~ 10
°C/min as shown in Fig. 3.9. All the samples have shown weight loss below 130
°C, which is mainly due to the loss of adsorbed water molecules. The major weight
loss of about 80 % of cGO was observed at 200 °C, which is linked to the thermal
disintegration of oxygen-containing functional groups [40]. Subsequently, after
hydrothermal reduction, the mass loss was only 20 % after 200 °C, which is the
mark for the removal of most of the oxygen-containing functional groups from the
cGO during hydrothermal reduction. Meanwhile, PRGO composites show similar
thermal behaviour as that of PANI, which confirms the formation of PANI
nanostructures at the surface of rcGO layers. All PRGO nanocomposites and PANI
has shown weight loss from 150 °C to 450 °C linked to the removal of dopant in
the form of HCI gas and removal of lower weight fragments of the polymer chain
[41]. Major weight loss after 450 °C is due to the complete breakdown of the
polymer backbone. From the TGA graphs, it is observed that weight loss after 450
°C is decreased by increasing the wt.% of cGO which clearly shows that the
presence of rcGO in the PANI matrix leads to an increase in thermal stability which

in turn prevents the decomposition of the polymer.
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Figure 3.9 TGA graphs of cGO, rcGO, PANI, PRGO1, PRGO2, and PRGO4
nanocomposites.
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The electrochemical performance of heat-assisted PRGO nanocomposites
was investigated by CV, GCD, and EIS measurements by fabricating a two-
electrode system (symmetrical cell). Typically, two or three-electrode
configurations were used for electrode characterization where the two-electrode
system gives more real and accurate results to conclude the performance of
material as a supercapacitor [42,43]. In Fig. 3.10a. the CV curves of PANI, rcGO
and PRGO composites in 1 M H2SO4 solution have shown at a scan rate of 5 mV/s.
The CV curve of rcGO is almost rectangular, which is a typical EDLC
characteristic behaviour of carbon materials. In the case of PANI, PRGO1,
PRGO2, and PRGO4 composites two pairs of redox peaks were observed with
rectangular shape credited for the conversion of Leucoemeraldine base to
Emeraldine salt and Emeraldine salt to Pernigraniline base forms of PANI by redox
reaction [44,45]. However, the oxidation and reduction cycles are not symmetric
and rectangular in shape suggesting these composites possess combined features
of both EDLC and pseudocapacitance. Moreover, the specific capacitance of
electrode material can be evaluated from the area covered by the CV curve. The
specific capacitance of electrode material can be evaluated from the cyclic
voltammogram curves, using equation 2.2 [46]. The specific capacitance values of
rcGO, PANI, PRGO1, PRGO2, and PRGO4 are 126, 205, 234, 287, and 257 F/g,
respectively. PRGO2 shows superior capacitance behavior compare to other
composites and pure PANI. The electrochemical behaviour of rcGO, PANI, and
PRGO composite was further evaluated at higher scan rates as shown in Fig. 3.10
(b-f). The shape of the CV curve of rcGO has slightly deviated from the rectangular
shape with increasing scan rate which is due to the presence of oxygen
functionalities in rcGO (Fig. 3.10b). Whereas, we found a clear deviation in the
CV curves of PANI (Fig. 3.10c), suggesting structural instability and poor rate
capability of the PANI sample. The rate capability of PANI is increased with the
incorporation of cGO, while the shape of CV in PRGO2 (Fig. 3.10e) composite
remains the same even at a scan rate of 100 mV/s showing a higher rate capability
of the composite material. Additionally, the total peak current density increases,
demonstrating the exceptional capacitance behaviour and good rate property of the
PRGO2 composite. The incorporation of rcGO into the PANI chain enhances the
electrochemical properties as well as chemical stability. The augmentation in the
area may happen due to more availability to the active sites and better-conducting
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channels owing to the formation of hydrogen bonding in PRGO2 [47]. The PRGO
composites have shown better electrochemical properties due to properly oriented
nanostructures and synergistic effects of well laminated densely packed PANI
nanocluster with fluffy structure. This leads to a notable increase in electrical
conductivity (Fig. 3.8) as well as high interfacial electrode/electrolyte interaction
attributing to high rates of electrode reaction, subsequently resulting in a superior
electrochemical activity. Secondly, the solid-state charge transfer reaction between
the PANI chains and graphene also advances the faradaic movement and
contributes to an increase in total capacitance.
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Figure 3.10 (a) CV curves of PANI, PRGO1, PRGO2, PRGO4, and rcGO at 5
mV/s, CV curves at different scan rates at various scan rates in 1 M H2SOs (b)
rcGO, (c) PANI, (d) PRGOL1, (e) PRGO2 and (f) PRGOA.

EIS is a very powerful technique to probe the resistance behaviour of the
materials. Figure 3.11a shows the Nyquist plots of all sample materials while the
inset shows the zoomed area of the EIS spectrum in the high-frequency region.
From the inset of Fig. 3.11a, it is undoubtedly visible that Nyquist plots are
comprised of a semi-circle in the high-frequency range and a straight line in the
low-frequency region [48]. Therefore, EIS is a sum of electrode resistance and
electrolyte resistance, where a semi-circle offers the equivalent series resistance
(Rs), which is the intercept point of the impedance spectrum on the real axis and
charge transfer resistance (Rct) at the interface between electrode and electrolyte,

the diameter of the semi-circle at the high-frequency region. While in the low-
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frequency region, straight line corresponds to the capacitance behaviour of the
material [14,21]. From the EIS curves, the Rs and Rt values are derived for all the

materials and shown in Table 3.2.

Table 3.2 Equivalent series resistance and charge transfer resistance of rcGO, PANI,
PRGO1, PRGO2 & PRGO4 composites:

rcGO PANI PRGO1  PRGO2  PRGO4
Rs(Q) 1.28 1.41 1.38 1.02 1.25
Re(Q) 3.08 4.32 3.57 1.97 2.16

Rct is a vital parameter to estimate the electrochemical behaviour of the
tested electrodes. PRGO2 composite possesses a smaller diameter semicircle than
that of other electrode material, indicating favourable conducting pathways for the
electrolyte ions.  Therefore, PRGO2 composite has high charge transfer
capabilities and enhanced conductivity compared to pure PANI. These results are
also well supported by conductivity measurements (Fig. 3.8). Further, we have
studied the resistance variation of PRGO2 composite to charge-discharge cycles.
Figure 3.11b, shows the impedance spectra of PRGO2 composite before cycling
and after running 2000 cycles. The variation in the Rt of PRGO2 composite was
very less even after 2000 cycles, which proves the high conductivity and high

cyclic stability of the composite material.
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Figure 3.11 (a) Nyquist plots of PANI, PRGO1, PRGO2, PRGO4, and rcGO

whereas the inset shows the zoomed view of impedance in the high-frequency

region, and (b) Nyquist plots of PRGO2 composite at the 0™ cycle and after 2000

cycles.

To confirm the superior behaviour of the PRGO composite, the rate
performance has been examined by charge-discharge plots at various current
densities (Fig. 3.12). The GCD curve of rcGO, PANI, and PRGO composite
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electrodes at a discharge current density of 0.5 A/g is shown in Fig. 3.12a. The
GCD curve of rcGO is triangular which suggests the ideal EDLC capacitive
behaviour of carbon material. The GCD plots of PANI and PRGO composites show
a nearly symmetrical charge-discharge curve with deviation from linearity. The
deviation from the linearity in the GCD curve indicates the characteristic
pseudocapacitive nature of the material [49]. PRGO composites (Fig. 3.12a)
possess a longer discharging time compared to PANI (Fig. 3.12a), owing to the
combined features of both EDLC and pseudocapacitance. The GCD data has been
utilized to evaluate the specific capacitance (Csp) of the samples using the following
equation 2.3 [46,50]. The specific capacitance values of rcGO, PANI, PRGOL1,
PRGO2, and PRGO4 are 121, 248, 257, 299, and 287 F/g, which are consistent
with the CV results. Here, the specific capacitance has increased in the case of the
2 wt.% cGO sample compared to 1 wt.% cGO sample, however, it decreases further
when the cGO weight percentage has been increased to 4 wt.%. This is because
higher wt.% of cGO may cover the electroactive sites of PANI nanostructures,
which suppresses complete utilization of PANI resulting in a decrease of specific
capacitance of PRGO4 composite [9]. The superior properties of PRGO2
composite based on the factor that the formation of PANI on the surface of cGO
sheets, which inhibits the stocking of graphene layers during the hydrothermal
reaction. Thus, it increases the utilization of electrode active area, enhances the
conductive properties of the composite, and decreases the ion diffusion paths for
the electrolyte. Figure 3.12b-e displays the GCD curves of PANI, PRGO1,
PRGO2, and PRGO4 composites at various current densities. For PANI, the
voltage drop is increased with increasing current density showing the poor rate
capability of PANI which is due to the structural instability of polymer chain.
Further, we observed that the voltage drop is decreased with the incorporation of rcGO
in PRGO2 composite (Fig. 3.12d) proving the improved charge transfer kinetics and good

electrical conductivity of the material.

Furthermore, to know the rate capability, the current density vs specific
capacitance of PANI, PRGO1, PRGO2, and PRGO4 samples are plotted at
different current densities as shown in Fig. 3.12f. From Fig. 3.12f, it is seen that
PRGO2 composites shows superior rate capability compared to PANI, and retained
a specific capacitance of 225 F/g even at high current density (5 A/g), which could

be attributed to the presence of rcGO in the composite. For comparison with the
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work reported elsewhere, the specific capacitances of the similar composites under
different electrolyte solutions are given in Table 3.3 [29,31,62-67]. This shows that
the electrode has outstanding rate capability due to laminated floppy structure
where the PANI chains have outstanding interfacial contact with the graphene layer
which in turn leads to a high charge transfer mechanism within the PRGO
composite. These results were attributed to the high conductivity and superior
electrochemical performance of the composite and contributing high-performance

electrode for next-generation wearable/ flexible power sources.
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Figure 3.12 (a) The GCD curves of PANI, PRGO1, PRGO2, PRGO4, and rcGO
at 0.5 A/g, GCD curves at different current densities for (b) PANI ¢) PRGO1, (d)
PRGO2, (e) PRGO4, and (f) Current density vs specific capacitance of PANI,
PRGO1, PRGO2, and PRGOA4.

Further, the performance of composite materials is evaluated in terms of
energy density and power density. The energy density (Em, Wh/kg) and power
density (Pm, W/kg) of the SC device is calculated from the specific capacitance
values obtained from the GCD curves using the following equation 2.4 & 2.5,
respectively [50]. The Ragone plots of all the composites are depicted in Fig. 3.13a.
PRGO2 composite can deliver a high energy density of 24.45 Wh k/g at 0.5 A/g
and the corresponding power density is 368 W/kg these values are higher than that
of pristine PANI and rcGO indicates the superior charge storage behaviour of the
composite material.

Table 3.3 Comparison of the specific capacitance of similar electrode materials.

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 87



CHAPTER 3

Material Electrolyte Specific Ref.
capacitance
Porous PANI/rGO 1 M H.SOsin3ele. 420F/gat0.2 A/lg [20]
rGO/PANI 1 M HxSO4in 2 ele. 438 F/g at 0.5A/g [22]
Porous graphene- 1 M H.SO4in3ele. 357 F/gat 0.1A/g [51]
PANI NFs
Graphene/PANI 1 M H.SOsin3ele. 257F/gat0.1 A/g [52]
PANI grafted rGO 1 M H2SO4in3ele. 250 F/g at 10 mV/s  [53]
PANI-GNRs 1 M H2SOsin2ele. 340 F/g at 0.25A/g  [54]
rGO/PANI 1 M H2SO4in3ele. 72 F/gat2mV/s [55]
PANI/RGO 1 M H2SOsin 3ele. 431 F/gat0.1 A/lg [56]
Heat assisted 1 M H2SO4in 2ele. 299 F/g at 0.5A/g Present
PANI/rcGO work

For realizing the commercial application, cycling performance in a

supercapacitor is a very important factor. As shown in Fig. 3.13b, the cycling
stability studies were done at 2 A/g current density where pristine PANI has shown
only 70% of capacitance retention, this low cyclic stability is due to the chemical
redox reaction (doping/de-doping) in the polymer matrix during charging and
discharging process. The repeated charge-discharge leads to the volumetric
expansion due to swelling and shrinking in the skeleton of the polymer chain [57].
Whereas PRGO2 possesses high cycling stability compared to pure PANI. PRGO2
electrode retains 88% of capacitance after 2000 cycles. The increase in cycling
stability of PRGO2 composite has probably come from the synergistic effect
between rcGO nanosheets and PANI chains which ultimately leads to a decrease
in volumetric changes and increases the mechanical strength and conductivity of

the composite.
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Figure 3.13 (a) The Ragone plots of PANI, PRGO1, PRGO2, and PRGO4
nanocomposite, and (b) Cycling stability plot of PANI and PRGO2 composite.
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3.3 Conclusions

We have successfully designed heat-assisted polyaniline reduced crumbled
graphene oxide (PANI/rcGO) composite as potential electrode material for flexible
supercapacitors which can be used directly without any substrate. The heat-assisted
reduction of graphene oxide in composite leads to lamination of graphene layers
with densely packed PANI nanocluster which in turn provides good mechanical
support as well as charge transfer for synergistic effects between graphene & PANI
to extend the significant contribution in specific capacitance. The synergistic effect
of PANI and rcGO assisted by heating leads to a 3D floppy network and contributes
to high flexibility, good mechanical strength, and long cycle life with high energy
density electrodes. PRGO2 composite with 2 wt.% of cGO was shown maximum
specific capacitance of 299 F/g at current density of 0.5 A/g. Besides, these PRGO
composite has shown high-rate capability and capacitance retention (88%) at current
density of 2 A/g after 2000 charge/discharge cycles, which proves that the PRGO
composite synthesized by low-temperature heat-assisted reduction of cGO is a potential
candidate as electrode material in flexible supercapacitor to power wearable/ flexible

electronic devices.
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CHAPTER 4

POLYANILINE/N-rGO COMPOSITE ELECTRODE MATERIAL
FOR EFFICIENT FLEXIBLE SUPERCAPACITORS

4.1 Introduction

Among the different types of carbon electrode materials used in SCs, the
prominent features of graphene (GN) such as high electrical conductivity, greater
flexibility, high thermal and chemical stability, and other structural and optical properties,
make it a superior material for the flexible supercapacitor application [1]. GN can deliver
a high specific capacitance of 550 F/g with a high theoretical surface area of ~2600 m?/g
[2]. A cost-effective synthesis method for the large-scale production of GN with
controlled surface chemistry is extremely important for its usage in practical applications.
The reduction of graphene oxide (GO) with a suitable chemical reagent is a viable process
for the bulk synthesis of reduced graphene oxide (rGO) compared to other synthesis
methods [3]. Nevertheless, rGO exhibits relatively low specific capacitance as rGO
produced via the reduction process contains the agglomeration of graphene sheets and
residual oxygen functional groups. The presence of oxygen functional groups leads to
poor electrical conductivity, and the agglomeration of graphene layers severely
diminishes the active surface area accessible for the electrolyte ions leading to
unsatisfactory practical performance. Much research attention has been given to boosting
the electrochemical properties of rGO by adopting different techniques such as enhancing
the specific surface area, doping with the hetero atom, increasing the electrical
conductivity, controlled morphology, etc. [1,2,4]. Among them, doping with a heteroatom
is proved to be an effective approach to varying the physical and chemical properties of
rGO [2,4]. In particular, nitrogen (N) is a suitable dopant for graphene because of its
comparable atomic size and provides an additional p-electron to the n-system of graphene
making it n-type [4-6]. Previous reports have also demonstrated that N-doping is a
beneficial route to decorating graphene for the reason that doping can increase the charge
carrier concentration thus providing high electrical conductivity [6]. Moreover, the
presence of a high electronegative N atom can improve surface wettability, which is
beneficial for efficient charge transportation at the electrode/electrolyte interface [7].
Doping of the N atom can exist mainly in three different forms, namely pyridinic-N,
pyrrolic-N, and quaternary-N [8,9]. Pyridinic-N and pyrrolic-N increase the surface
wettability of electrodes and participate in charge transfer reaction with electrolyte ions,

hence, generate additional pseudocapacitance, whereas the quaternary N atom is a
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substitution to the carbon atom in benzene ring which enriches the local electron density,
consequently exhibit high electrical conductivity [9].

Chemical doping of N atoms into the graphene framework can be achieved via
several synthesis routes such as chemical vapour deposition, plasma treatment, thermal
annealing, hydrothermal synthesis, and so on [8]. Among them, the hydrothermal method
is considered to be a simple, cost-effective, and promising method for N doping at
relatively lower temperatures (< 200 °C) by mixing GO with N-containing precursors
such as ammonia [10], hexamethylenetetramine [11], hydrazine hydrate [12], amino acids
[13], urea [14], amitrole [7]. Moreover, recent studies have also demonstrated that N-rGO
synthesized by the hydrothermal method can exhibit excellent surface activity and high
chemical stability compared to rGO when it is used for supercapacitor application [14].
With the above-mentioned prominent features, N-rGO is considered to be a better choice
than rGO to utilize as a substrate to load a pseudocapacitive material to further enlarge its
electrochemical properties. On the other hand, polyaniline (PANI) from the conducting
polymer family, is considered to be a potential pseudocapacitive material to merge with
carbon material owing to its better environmental stability, flexibility, and greater
theoretical capacitance [15-17]. For example, Gopalakrishnan et al. synthesized N-
rGO/PANI composite with 1:6 ratio using in-situ polymerization, and it has delivered a
specific capacitance of 715 F/g at a current density of 0.5 A/g in the three-electrode
system where the N-rGO is prepared by thermal annealing at 900 °C under N2 atmosphere
[18]. Zhisen Liu et al. studied N-3D-rGO/PANI nanowire composites and achieved a
specific capacitance of 282 F/g at a current density of 1 A/g in a three-electrode system,
where N-rGO has been synthesized using high-temperature thermal treatment [19].
Zhimin Fan et al. prepared a free-standing N-doped holey graphene/PANI composite
which delivered a volumetric capacitance of 1053 F/cm? at a current density of 0.5 A/gin
the three-electrode system [20]. Zhu et al. synthesized 3D N-rGO/PANI foam using a
hydrothermal method and obtained a specific capacitance of 528 F/g at a current density
of 0.1 A/g in a three-electrode system [21]. More recently, Liu et al. developed a holey
N-rGO/PANI composite with a high specific capacitance of 510 F/g at a current density
of 1 A/g [22]. However, in most of the above-mentioned cases, electrochemical studies
are obtained using the three-electrode system, and the N doping into graphene lattice is
reportedly done by high-temperature heat treatment which needs an expensive instrument
facility. It is worth noting that for practical applications, studies on the two-electrode
system are more reliable compared to the three-electrode system. Moreover, according to

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 96



CHAPTER 4

our knowledge, only very few studies are explored the supercapacitor performance based
on the flexible electrodes using N-rGO/PANI composites.

In this context, here, we report a simple and robust approach for a readily scalable
synthesis method for the preparation of PANI/N-rGO nanocomposites. The reduction of
GO and N doping into graphene lattice was done by the hydrothermal method. The
hydrothermal synthesized N-rGO is readily dispersible in DI water due to the presence of
residual oxygen functional groups and N groups which prevents the agglomeration of
graphene sheets during the in-situ polymerization of aniline. The presence of
electronegative N atoms and residual oxygen functional groups in N-rGO can facilitate
the aniline monomer to get adsorbed onto the surface of N-rGO sheets. Therefore, the
layers of N-rGO can act as a substrate for the growth of PANI nanostructures. During the
polymerization process, PANI nanostructures were uniformly distributed over the surface
of the N-rGO sheets, which reduces the restacking of N-rGO layers. To evaluate the
electrochemical performance, self-standing flexible electrodes of PANI/N-rGO
composite were assembled into a symmetrical supercapacitor and the electrochemical
properties are compared with pristine PANI, N-rGO, and PANI/rGO composites. The
PANI/N-rGO composite-based self-standing flexible electrodes delivered a high specific
capacitance of 322 F/g at a current density of 1 A/g in a symmetrical supercapacitor
assembly. Herein, PANI/N-rGO composite possesses combined features of both PANI
and N-rGO providing more electroactive surface area and also decreasing the diffusion

path length for the electrolyte ions, hence, resulting in high performance.

4.2 Results and Discussion

The surface morphology images of PANI, PANI/fGO, and PANI/N-rGO
materials are shown in Fig. 4.1. Pristine PANI shows the rod-like morphology with
irregularly grown and agglomerated interconnected clusters. (Fig. 4.1la&b). In-situ
polymerization of PANI onto the rGO and N-rGO sheets in PANI/rGO and PANI/N-rGO
composites leads to the homogeneous interconnected network of PANI nanorods (Fig.
4.1(c-f)). During the initial polymerization process, aniline monomers get adsorbed over
the surface of rGO and N-rGO sheets. Once the polymerization is initiated by the addition
of APS, these nanosheets in rGO and N-rGO act as a support system to grow PANI
nanorods. As polymerization progresses, these initially grown nanorods act as nucleation
sites for the secondary growth of PANI and finally end up with an extended
interconnected chain-like network and in turn modified the surface of graphene sheets as

we observed in Fig. 4.1(c-f). It is worth noting that the long-range interconnected network
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of PANI/N-rGO composite leads to an increase in porosity of the material in comparison
with PANI/rGO. The increase in porosity in PANI/N-rGO composite increases the
electrochemically active surface area available for the electrolyte ions which in turn

results in enhanced performance for the supercapacitor.

e K- ‘_',
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Figure 4.1 FESEM images of (a)&(b) PANI, (c)&(d) PANI/rGO, and (e)&(f) PANI/N-
rGo.

The XRD plots of rGO, N-rGO, PANI, PANI/rGO, and PANI/N-rGO are shown
in Fig. 4.2a. A characteristic diffraction peak of GO nanosheets is observed at 26 ~10.3°
attributed to the (002) plane reflection, showing the higher degree of oxidation level, and
the corresponding interlayer spacing value (d = 0.85 nm) is calculated using Bragg's Law
[23]. In contrast, when the GO is exposed to the hydrothermal treatment, the diffraction
peak at 10.3° has vanished and a broad diffraction peak is detected at 26 ~24.3° for rGO,
and 20 ~25.4° for N-rGO, and the interlayer spacing is found to decrease to 0.35 nm for
rGO and 0.36 nm for N-rGO, confirms the removal of oxygen moieties and restoration of
graphitic phase [4]. In addition, diffraction peak broadening for both rGO and N-rGO
indicates the random orientation of graphene layers after the reduction process [24]. For
PANI, three characteristic less intensive diffraction peaks at 26 ~14°, ~20°, and 24° are
observed which are corresponds to the (011), (020), (200) crystal planes of PANI
[22,25,26]. The diffraction peaks at 14° and 24° are assigned to the periodicity parallel
and perpendicular to the polymer chain, respectively [20]. Further, PANI/rGO and
PANI/N-rGO possess a diffraction pattern similar to PANI, which implies that fully
dispersed rGO and N-rGO sheets are utilized as a substrate for the formation of a polymer
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chain, respectively. Furthermore, the diffraction peak associated with the rGO and N-rGO
might be overlapped with the peaks of PANI [27].
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Figure 4.2 (a) XRD patterns of GO, rGO, N-rGO, PANI, PANI/rGO, and PANI/N-rGO,
(b) TGA plots of rGO, N-rGO, PANI, PANI/rGO, and PANI/N-rGO, (c) N2 adsorption-
desorption isotherms, and (d) Pore size distribution of PANI, PANI/rGO, and PANI/N-
rGo.

Thermogravimetric analysis (TGA) was carried out from room temperature to 800
°C with a heating rate of 5 °C/min in an inert atmosphere and the responses were shown
in Fig. 4.2b. In the TGA analysis, initial weight loss at a temperature below 120 °C is
attributed to the evaporation of absorbed moisture. Then weight loss in rGO and N-rGO
from 120 °C to 800 °C originated from the removal of oxygen and N functional groups.
In comparison with the TGA curve of rGO, there is a significant increase in thermal
stability of N-rGO (78%), indicating that the reduction of GO is more effective in the
presence of reducing agent and a higher number of oxygenated moieties were eliminated.
From the TGA plots, it is noticed that the thermal behaviour of PANI/N-rGO and
PANI/rGO is quite similar to PANI, all the samples possessed weight loss in two stages.
At the initial stage in the temperature range 120 - 450 °C, the lower-weight fragments of
polymer got eliminated and dopant ions were removed in the form of HCI gas [28].
Furthermore, maximum weight loss is observed after 450 °C, owing to the complete
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decomposition of the polymer chain at high temperatures. It is noteworthy that the
disintegration of PANI is decreased for PANI/N-rGO, indicating that N-rGO could
prevent the breakdown of the polymer chain and enhance its structural stability.

The microstructure of the pure PANI, PANI/rGO, and PANI/N-rGO composite is
further investigated by conducting N2 adsorption-desorption studies and the adsorption-
desorption isotherms and pore size distribution curves are displayed in Fig. 4.2c. All
three samples exhibited type IV isotherm [29]. Particularly a small hysteresis loop is
observed at relatively high pressure, showing the presence of meso and micropores in the
sample. The specific surface area and average pore diameter values are calculated using
the BET method and BJH model, respectively. The BET surface area, total pore volume
and average pore diameter values of all three samples are given in Table 4.1. The more
agglomeration of nanorods in PANI leads to forming clusters as can be observed in
FESEM (Fig. 4.1a) and 2(B)) and resulting in lower porosity and a small surface area of
26.62 m?/g with the pore volume of 0.15 cm®/g. Whereas, the uniform growth of PANI
nanorods on the surface of rGO and N-rGO sheets in PANI/rGO and PANI/N-rGO
composites results in increased surface area to 59.21 m?/g and 82.80 m?/g and the
corresponding pore volumes are increased to 0.19 cm?®/g and 0.22 cm®/g, respectively.
The high surface area of PANI/N-rGO is attributed to the presence of a long-range
interconnected chain-like network with increased porosity as can be observed in FESEM
images (Fig. 4.1e&f). Doping of N atoms into the graphene network creates more
defective sites and prevents the aggregation of neighbouring graphene layers which
eventually results in increased surface area in PANI/N-rGO over PANI/fGO
composite.[9] Further, the average pore diameter of PANI/N-rGO is smaller in
comparison with the PANI and PAN/rGO which can be ascribed to the less agglomeration
and uniform growth of PANI nanostructures on N-rGO sheets (Table 4.1). From the pore
size distribution curve (Fig. 4.2d), PANI/N-rGO composite material has more pores lying
in the range of meso to micropores region with smallest pore diameter contributing to
possessing a higher BET surface area [30,31]. The presence of electronegative N-atoms
in the basal planes of N-rGO creates more crosslinking between the polymer chain and
graphene sheets as is evident in XPS spectra thus surface area is increased. The high
surface area along with porosity in PANI/N-rGO composite facilitates rapid ion diffusion
which enhances the charge transport properties of the composite and results in high

specific capacitance [19].
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Table 4.1 Surface area and porosity characteristics of PANI, PANI/rGO, and PANI/N-
rGO.

Sample BET Surface area Total pore Average pore
(m?/g) volume (cm?/g) diameter (nm)
PANI 26.62 0.15 29.03
PANI/rGO 59.21 0.19 12.86
PANI/N-rGO 82.80 0.21 11.73

Fourier Transform Infrared Spectroscopy (FTIR) studies were conducted to
evaluate the presence of various functional groups in the synthesized material. Figure 4.3a
shows the FTIR spectra of GO, rGO, and N-rGO. FTIR spectrum of GO consist of a series
of absorption peaks related to the oxygenated functional groups, which proves the
successful oxidation of graphite. A broad absorption peak centred at 3422 cm is
associated with the hydroxyl groups and adsorbed water molecules. The absorption peaks
at 1726 cm™, 1620 cm™, 1383 cm™, 1051 cm™, and 872 cm are assigned to the carbonyl
(C=0) stretching, aromatic C=C stretching, carboxyl (COOH), epoxy (C-O-C) group, and
C-H bending vibration, respectively. While the peak related to aromatic (C=C) stretching
is shifted to 1588 cm® for rGO and the intensity of the peaks related to oxygen functional
groups is reduced in rGO which is attributed to the partial reduction of GO. For N-rGO,
the absorption peaks related to the oxygen functional groups were mostly eliminated and
a new peak has appeared at 1290 cm™ responsible for C-N stretching vibration, which
confirms the high degree of reduction and N doping into the graphene framework. In
addition, the absorption peak of aromatic C=C stretching (1583 cm™) is shifted to a lower
wavenumbers side indicating the reconstruction of the graphene network in N-rGO
nanosheets. Meanwhile, various characteristic absorption peaks were observed in the
FTIR spectrum of PANI as shown in Fig. 4.3b. the main absorption peaks at 1476 cm™
and 1570 cm™ are related to the stretching vibration of C=C in quinoid and benzenoid
rings of PANI. The other absorption peaks at 1287 cm™ for C-N stretching amine, 1336
cmt for C-N* protonic stretching, 1238 cm™ for C-H in the benzene ring, 1110 cm™ for
C-H in the quinoid ring, and 870 cm™ for C-H out of plane bending. Whereas the peaks
at 1476 cm™ and 1336 cm™ are shifted towards the lower wavenumber side indicating the
strong interaction of polymer chain with graphene network [32]. The interaction of

protonic C-N* bonds with the graphene network may be through n—r stacking/hydrogen
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bonding [33]. These different bonding interactions may facilitate the effective charge
transfer between the polymer and graphene crosslinked network, thus improving

electrochemical properties.
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Figure 4.3 FTIR spectrum: (a) GO, rGO, and N-rGO, (b) PANI, PANI/rGO, and PANI/N-
rGO, and Raman spectrum: (c¢) GO, rGO, and N-rGO, (d) PANI, PANI/rGO, and
PANI/N-rGO.

Raman spectroscopy is the best spectroscopic technique for the analysis of carbon
materials. Figure 4.3c illustrates the Raman spectra of GO, rGO, and N-rGO. Raman
spectrum of GO consists of two strong vibrational bands at ~1350 cm™ and ~1594 cm
referred to as D and G bands, respectively (Fig. 4.3c) [34]. Generally, the G band is
observed in the wavenumber range of 1570 -1580 cm™ for graphitic materials but the
observed G band is shifted towards the higher wavenumber for GO (blue shift) indicating
the higher degree of oxidation and formation of sp® carbon atoms in graphite lattice
[35,36]. In comparison with GO, the G band is red-shifted in the case of rGO and N-rGO.
The G band is observed at ~1586 cm™ for rGO and ~1583 cm™ for N-rGO. The shift in
the G band could be associated with the removal of oxygen moieties during the reduction
process and the reconstruction of sp? hybridized domains and the graphitic phase. Further,

the intensity ratio of the D to G band (Ip/lg) is interlinked with the disorder and structural
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defects in the graphene lattice which is found to be in the order of 0.89<1.01<1.05 of GO,
rGO, and N-rGO, respectively. The higher value of Ip/lgratio for N-rGO elucidates higher
degree of disorder in the graphene network due to the insertion of heterogeneous N atoms
into graphene lattice by disrupting the sp? bonds of carbon atoms [37,38]. These results
are well consistent with the results obtained from XRD. Furthermore, Ip/lg ratio is also
used to correlate the in-plane crystallite size (La) formed by a certain number of carbon

rings using the following relation [36,39].
-1
Lo(mm) = (24 x 1071°)2, (D) (5)
G

Where A, is the Raman excitation wavelength (4, = 532 nm). The calculated
crystallite size values of GO, rGO, and N-rGO are 21 nm, 19 nm, and 18 nm, respectively.
It is worth noting that, lower crystallize size of N-rGO produces a high surface area
accessible to the electrolyte ions, which improves the capacitance of the device.

The Raman spectra of PANI, PANI/rGO, and PANI/N-rGO composite are
displayed in Fig. 4.3d. It is observed that PANI/N-rGO, PANI/rGO, and pristine PANI
possess similar kinds of Raman spectra. Pristine PANI consists of various characteristic
peaks at 1169 cm™ for C-H bending, 1343 cm™ for C-N* vibration, 1495 cm for C=N
stretching, 1561 cm* for stretching vibration of C=C of the quinoid ring, suggesting the
conductive emeraldine salt form of PANI, provides sufficient charge carriers to
participate in a fast redox reaction with the electrolyte ions resulting in high capacitance
[40]. In addition, the peak at 573 cm™ is assigned to the phenazine type or the existence
of the crosslinking structure in PANI [41,42]. The peak intensity at 573 cm™ is high for
PANI/N-rGO suggesting the formation of more crosslinking networks in PAN/N-rGO
composite which is well supported by the XPS results. The formation of crosslinking
favours efficient charge transportation with the electrode material. Further, we observed
the shift in peaks related to C-N* vibration and C=N stretching towards the lower
wavenumber side for PANI/rGO and PANI/N-rGO indicating well interaction between
polymer chain and graphene sheets and these results are well consistent with the results
obtained from FTIR.

XPS analysis is an effective technique to identify the surface chemical
composition and doping level of the heteroatom in the graphene network. The survey
spectra of rGO and N-rGO are shown in Fig. 4.4a and the surface atomic percentages of
different elements present in the rGO and N-rGO are given in Table 4.2. The C 1s (285.6
eV) and O 1s (533.6 eV) peaks are detected in rGO while a well-defined N 1s (399.5 eV)
peak is also appeared along with the C 1s (285.5 eV) and O 1s (533.5 eV) peaks in the
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survey spectrum of N-rGO, confirms the successful incorporation of N atoms into
graphene lattice. From the survey spectra, it is observed that the peak intensity of O 1s
and the O/C ratio is decreased in N-rGO (10.13%) in comparison with rGO (11.6%),
which is indicating the reduction of GO is more prominent in the presence of reducing
agent (Urea) during the hydrothermal process. Further, it is noticed that 6.8% of N atoms
are present in N-rGO and the corresponding N/C atomic ratio (8.09%), indicating a higher

degree of doping.
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Figure 4.4 XPS survey spectra of (a) rGO and N-rGO, (b) PANI, PANI/rGO, and
PANI/N-rGO.

The surface elemental composition of pristine PANI, PANI/rGO, and PANI/N-
rGO composite was also investigated by XPS analysis, the survey spectra are depicted in
Fig. 4.4b and the corresponding elemental composition is given in Table 4.2. From Fig.
4.4b, the survey spectra of all three samples show the existence of C 1s, N 1s, O 1s, and
Cl 2p signals. It is observed that the atomic ratio of O/C is lesser and the atomic ratio of
N/C is greater for PANI/N-rGO compared to PANI/rGO and PANI as given in Table 4.2,
indicating the N content of PANI/N-rGO is increased with the incorporation of N-rGO

sheets.

Table 4.2 Elemental composition of rGO, N-rGO, PANI, PANI/rGO, and PANI/N-rGO.

. C 1s N 1s 0 1s 0/C .
Material vt o) eVt %) eVt %) (%) VCO0)
GO 285.6 (89.57) i 533.6(1043) 116 i

N-rGO  285.6(84.58) 399.5(6.85) 533.6(8.57) 10.13 8.09
PANI 285.1 (81.43) 399.5(8.29) 532.5(10.28) 12.62  10.18

PANIXGO  285.1 (82.38) 399.5(8.61) 532.5(9.00) 10.09  10.45
PANIN-rGO  285.1 (83.32) 399.5(9.57) 532.5(7.11)  8.53 11.48
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Figure 4.5 High-resolution C 1s spectrum: (a) rGO, (b) N-rGO, (c) High-resolution N 1s
spectra of N-rGO, and (d) chemical structure of N-rGO.

The C 1s deconvolution spectrum of rGO and N-rGO showed in Fig. 4.5a&b. C
1s of rGO deconvoluted into four different peaks at binding energies of 284.5 eV, 286.2
eV, 287.9 eV, and 289.3 eV, related to C=C(C-C), C-O, C=0, and O-C=0, respectively
[43]. Along with the above peaks, a new peak is noticed in the deconvoluted C 1s
spectrum of N-rGO at a binding energy of ~285.6 eV corresponds to the C-N bond,
confirming the doping of N atom into graphene network (Fig. 4.5b) [44]. It can be seen
from Fig. 4.5c, the complex N 1s spectrum of N-rGO is composed of three main valence
states of N at binding energies of 398.5 eV, 399.6 eV, and 400.9 eV, demonstrating the
pyridinic N, pyrrolic N, and graphitic N, respectively [14]. The chemical structure of a
single layer of N-rGO with different atomic configurations of N is shown in Fig. 4.5d. It
is well known that different atomic configurations of N doping could play a different role
in determining the supercapacitor behaviour. pyridinic N, pyrrolic N contributes
additional pseudo capacitance and graphitic N can increase the conductivity of N-rGO.
Insertion of N atoms into graphene lattice increases surface wettability resulting in a good

electrochemical activity. Furthermore, the presence of high electronegative N atoms can
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facilitate a good interaction with the PANI chain and also provide mechanical strength to
the polymer chain, which results in high-rate capability and better cycling stability of

composite material.
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Figure 4.6 High-resolution C 1s spectrum: (a) PANI, (b) PANI/rGO, (c) PANI/N-rGO,
and High-resolution N 1s spectrum: (d) PANI, (e) PANI/rGO, (f) PANI/N-rGO.

The high-resolution C 1s spectra of PANI (Fig. 4.6a) is split into five different
bonding configurations located at 284.1 eV (C-C/C=C), 285.1 eV (C-N/C=N), 286 eV
(C-N*/C-0), 287.3 eV (C=0), and 289.01 eV (O-C=0) [33,45]. The presence of oxygen
functional groups (C-O/C=0) are assigned to the degradation products hydroquinone
(HQ) and benzoquinone (BQ) responsible for the decomposition of PANI [45,46]. We
observed that the peak intensities of C=0 and O-C=0 are decreased for PANI/rGO
(10.01%) and PANI/N-rGO (6.46%) compared to PANI (10.27%) indicating elimination
of degradation products HQ and BQ from PANI, hence, the structural stability of PANI
could be increased (Table 4.3). Further, we noticed a significant increase in the C-C/C=C
bonds in PANI/rGO and PANI/N-rGO composites which could be assigned to the
increase in sp? hybridized carbon atoms with the addition of rGO and N-rGO, respectively
(Fig. 4.6b&c).

Table 4.3 Percentage of different C 1s bonding configurations of PANI, PANI/rGO, and
PANI/N-rGO.

Cls C-C/C=C C-N/C=N C-N/C=N*  C=0 0-C=0
(%0) (%0) (%0) (%) (%0)
PANI 34.46 31.06 24.18 7.32 2.95
PANI/IGO 37.63 29.41 22.92 7.60 2.41
PANI/N-TGO  38.25 39.94 21.62 5.22 1.24
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The XPS N 1s core-level spectra of PANI, PANI/rGO, and PANI/N-rGO are
composed of four different configurations of N atoms with the binding energies at 398.6
eV for imine group (-N=), 399.3 eV for amine (-NH-), 400.7 eV and 402.4 eV assigned
to the protonated N groups (-N*) and cross-linking azane type N (Fig. 4.6(d-f)). We
observed that the intensity of amine groups is increased for PANI/N-rGO (56.31%)
compare to PANI (53.08%) and PANI/rGO (55.91%), which could be assigned to the
existence of pyrrolic N (399.6 eV for N-rGO) in the composite (Table 4.4). Further, the
doping level of PANI/N-rGO (-N*) is slightly decreased and the concentration of azane-
type N is high for PANI/N-rGO composite indicating the existence of more crosslinking
between the polymer chain and N-rGO sheets, consistent with the Raman results. This
may be possibly assigned to the good interaction of N atoms present in the N-rGO with
the polymer chain and which can enhance the charge transfer property of the composite

material.

Table 4.4 Percentage of different N 1s bonding configurations of PANI, PANI/rGO, and
PANI/N-rGO.

N1s -N= (%) -NH- (%) -N* (%) Azane type (%)
PANI 19.89 53.08 20.97 6.05
PANI/rGO 18.20 55.91 19.19 6.69
PANI/N-rGO 17.48 56.31 18.25 7.95

The electrochemical properties of as-prepared samples were evaluated in a
symmetrical supercapacitor by conducting a series of CV and GCD measurements in 1
M H2SO;4 electrolyte. Figure 4.7a displays the CV curves of rGO, N-rGO, PANI,
PANI/rGO, and PANI/N-rGO at 10 mV/s scan rates. The CV curve of the rGO is
rectangular, which is characteristic of EDL energy storage. On the other hand, N-rGO
displays a small hump in the CV curve, related to the pseudocapacitance charge storage
behaviour. The additional pseudocapacitance of N-rGO is due to the presence of N atoms
and attached oxygen functional groups in graphene lattice, which can participate in charge
transfer reaction with electrolyte ions. Benefited from different types of N configurations,
the N-rGO electrode produced a larger enclosed area in a CV than rGO. Furthermore,
PANI/N-rGO, PANI/rGO, and PANI electrodes-based devices showed well-defined two
pairs of redox peaks, implying to the energy storage comes from the pseudocapacitance
behaviour of the electrodes. The two redox couples are related to the oxidation states
associated with PANI. It could be noted that PANI/N-rGO displays a larger enclosed area
of CV curve indicating the superior charge storage capability compared to pristine PANI
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and PANI/rGO composite. Hence, PANI/N-rGO composite possesses higher specific
capacitance. Further, the variation of the current response of the sample is collected at
scan rates of 10 - 100 mV/s as shown in Fig. 4.7b-f. PANI/N-rGO composite can able to
deliver high currents with an increase in scan rates, attributed to the high redox activity,
and improved electron diffusion pathways to the electrolyte ions. The redox peaks were
overlapped and shifted towards higher potential and lower potential for anodic and
cathodic peaks, respectively, which corresponds to the internal resistance of the
electrodes (Fig. 4.17f) [47]. The shape of the CV curve is approximately unaltered even
at higher scan rates suggesting the efficient charge transportation of the composite
material. Furthermore, we have calculated the specific capacitance values of all the
materials at various scan rates using the CV curves shown in Fig. 4.7(b-f). The change
in the specific capacitance concerning scan rate for all the samples is shown in Fig. 4.7g.
It is observed that the specific capacitance was decreased with the increase in scan rate
for all the samples (Fig. 4.7g). PANI/N-rGO nanocomposite can deliver reasonably high
specific capacitance at high scan rates, indicating high-rate capability among all the

synthesized materials.
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Figure 4.7 (a) CV curves of rGO, N-rGO, PANI, PANI/rGO, and PANI/N-rGO at 10
mV/s, CV curves at scan rates of 10, 20, 30, 40, 50, 70, and 100 mV/s: (b) rGO, (c) N-
rGO, (d) PANI, (e) PANI/rGO, and (f) PANI/N-rGO, and (g) Specific capacitance of rGO,
N-rGO, PANI, PANI/rGO, and PANI/N-rGO at various scan rates.
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GCD studies were carried out to evaluate the capacitive performance of all the
samples. Figure 4.8a illustrates the GCD plots of rGO, N-rGO, PANI, PANI/rGO, and
PANI/N-rGO electrodes-based devices at a current density of 1 A/g. rGO exhibits a
symmetrical triangular shape GCD curve, which reflects the characteristic of electric
double-layer energy storage behaviour. A small deviation is observed in GCD curve of
N-rGO further confirming the addition of pseudocapacitance behaviour, which originates
from the presence of N atoms in graphene lattice. The specific capacitance value obtained
for N-rGO (142.5 F/g) is higher than rGO (117.5 F/g) at a current density of 1 A/g.
Meanwhile, pristine PANI, PANI/rGO, and PANI/N-rGO composite electrodes show a
deviation in the GCD curve from the triangular shape, indicating the existence of
pseudocapacitive nature. Moreover, the PANI/N-rGO composite possesses a longer
discharging time than PANI and PANI/rGO, which proves that PANI/N-rGO composite
possesses better charge storage capability. Furthermore, it is observed that all the
materials have shown a sudden fall in potential value at the beginning of discharge
process, which is related to the internal resistance (IR drop) of the device. The IR drop is
originating from the equivalent series resistance (ESR), which includes electrode
resistance, electrolyte resistance, and contact resistance at the interface between electrode
and electrolyte. PANI/N-rGO composite possesses a lower voltage drop, indicating the
high electrical conductivity of the composite material (Fig. 4.8a). A higher specific
capacitance value is obtained for PANI/N-rGO (322.5 F/g) than PANI (212 F/g) and
PANI/rGO (252.5 F/g) at 1 A/g current density. The enhanced specific capacitance of
PANI/N-rGO nanocomposite could be achieved by the uniform distribution of PANI
nanostructures over the N-rGO sheets. Further, to explore the rate capability of the
samples, GCD measurements were obtained by varying current density from 1 - 5 A/g
(Fig. 4.8b-f). Figure 4.8f depicts the GCD curves of PANI/N-rGO composite at current
densities of 1 — 5 A/g. PANI/N-rGO nanocomposite is capable to deliver a high specific
capacitance of 262.5 F/g at a high current density of 5 A/g which is higher than pristine
PANI (125 F/g) and PANI/rGO (175 F/g) composite, shows its better rate capability. The
variation of specific capacitance with increasing current density for all the samples is
given in Fig. 4.8g. From Fig. 4.8g, it can be seen that the superior rate capability of
PANI/N-rGO composite than PANI and PANI/rGO which could be attributed to the
existence of better surface area and long-range interconnected crosslinking network as
can be evident from BET and FESEM results. The formation of chain-like PANI

nanostructures on N-rGO sheets creates more electroactive sites over the entire surface
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area of the electrode, thus increasing the rate capability. Furthermore, the combined
features of both PANI and N-rGO greatly enhanced the performance of the composite
material. The specific capacitance and the rate capabilities obtained for the PANI/N-rGO
composite are comparable with the results obtained from the similar electrode materials
studied in the two and three-electrode systems as shown in Table 4.5 [19,48-51].

Table 4.5 Comparison of the specific capacitance of similar electrode materials.

Electrolyte/ Specific Rate
Material Electrode capacitanc Cyclic stability A Ref.
capability
system e
N-3D-rGO 1 M H2S04/3 282 Flg 69.9% (1000 64.5% [19]
/PANI ele. at1l Alg cycles) (1-8 A/lg)
1 M H2S0.4/3 1058 F/cm®  81.5% (5000 75%
NG /PANI ele. at 0.5 A/g Cycles) (0.5 -50 A/g) [20]
1 M H2S0./2 528 Flg 95.9% (5000 50.7%
3D NG/PANI ele. at 0.1 A/g cycles) (0.1-5 A/g) [21]
10% PVA- 510 F/g 74% (2000 62%
H-NrGO-PANI H2S04/2 ele. at1 Alg cycles) (1-20 A/g) [22]
PANI-RGO- 1 M H2S04/2 40.5 F/g 86% (5000 _ [52]
ZnO ele. at 0.05 A/g cycles)
1 M H2S04/2 93.2 F/g 79% (5000 64%
NG/PANI ele. at1l Alg cycles) (1-10 A/g) [48]
PANI/N- 276 Flg 80% (5000 81.2%
carbon 2 M KOH /3 ele. at 0.2 A/lg Cycles) (0.2-5 A/g) [49]
Graphene/ 1 M H2S0.4/3 257 Flg 98% (1000 58.7% [50]
PANI ele. at 0.1 A/g cycles) (0.1-10 A/g)
N-carbon 1 M H2S0./2 285 F/g 80% (5000 73.7% [51]
/PANI ele. at 0.5 Alg Cycles) (1-10 A/g)
PANI-NG- 1 M H2S04/3 443.4 Flg 92% (10000 _ [26]
CuCrz04 ele. at1 Alg cycles)
ZnS/RGO/PA 722 Flg 76.1% (1000 50.0%
NI 6 M KOH/2 ele. at1 Alg cycles) (0.3-20 A/g) [53]
1 M H2S04/2 976.5 Flg 89.2% (1000 51.2%
PANI/GECF ele. at0.1 A/g cycles) (0.4 -50 Alg) [54]
) 1 M H2S0.4/2 347.5 Flg 89% (2500 68%
SPANI/S-rGO ele. at1 Alg cycles) (1-5 Alg) [55]
) 1 M H2S0.4/2 208 F/g at 66% (5000 )
PANI-FA ele. 2.5 Alg cycles) [56]
rGO- 1 M H3S04/2 212.8 Flg 86.9% (5000 89.5% [57]
Au@PANI ele. at1 Alg cycles) (0.5-5 A/g)
CF@RGO/PA 1 M H2S04/2 868.5 F/g 94.1% (2000 95% [58]
NI ele. at1 Alg cycles) (1-5 Alg)
1 M H2S04/2 220 F/g 75% (3000 47%
PANINGO ele. at0.2 Alg cycles) (0.2-20 A/g) [59]
1 M H2S04/2 322 Flg 93% (1000 81.39% Present
PANI/N-rGO ele. at1 Alg cycles) (1-5 Alg) work
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Figure 4.8 (a) GCD curves of rGO, N-rGO, PANI, PANI/rGO, and PANI/N-rGO at 1
Alg, GCD curves at current densities of 1-5 A/g: (b) rGO, (c) N-rGO, (d) PANI, (e)
PANI/rGO, and (f) PANI/N-rGO, and (g) Specific capacitance of rGO, N-rGO, PANI,
PANI/rGO, and PANI/N-rGO at various current densities.
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Further, the specific energy and specific power are calculated for PANI/N-rGO
composite at various current densities and the corresponding Ragone plot is given in Fig.
4.9a. The SSC device assembled by PANI/N-rGO composite possesses high specific
energy of 27.95 Wh Kg and the corresponding specific power is 780.12 W kg. The
specific energy remains 12.26 Wh kg even at a specific power of 2102.5 W kg. These
results are also reasonably better than the graphene/PANI and other carbon/PANI
composites [20,22,40,51,60].

Electrochemical impedance spectroscopy studies were obtained to evaluate the
charge transfer kinetics at the electrode/electrolyte interface. Nyquist plots of rGO, N-
rGO, PANI, PANI/rGO, and PANI/N-rGO are shown in Fig. 4.9b. All the samples
exhibited a semi-circle in the high-frequency region and an inclined straight line in the
low-frequency region. The observed semi-circle at the high-frequency region originates
from the equivalent series resistance (ESR) and charge transfer resistance (R¢t) of the
electrode material. It is known that the diameter value of the semi-circle is related to Ret.
PANI possesses a large-diameter semi-circle that shows its poor conductivity whereas,
with the addition of rGO and N-rGO, the conducting properties of composites were
greatly enhanced (Fig. 4.9b). Further, it is noted that PANI/N-rGO possesses a small
diameter semi-circle compared to PANI/rGO, which indicates the lower charge transfer
resistance. Furthermore, the slope of the inclined line in the low-frequency region is
related to the diffusion resistance of electrolyte ions. PANI/N-rGO composite exhibits
more vertical lines in the low-frequency region showing its better capacitance behaviour.
The complete distribution of PANI nanostructure over the surface of N-rGO sheets
facilitates more ion-accessible sites and provides more ion diffusion pathways which
increase the charge transportation rates. The obtained values of Rs and Rt for all the

samples are given in Table 4.6.
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Figure 4.9 (a) Ragone plots of PANI/rGO and PANI/N-rGO, (b) Nyquist plots of rGO,
N-rGO, PANI, PANI/rGO, and PANI/N-rGO, (c) Cyclic performance of PANI,
PANI/rGO, and PANI/N-rGO for 1000 cycles.
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The cyclic stability performance of assembled devices with pristine PANI,
PANI/rGO, and PANI/N-rGO composite electrodes was conducted at a scan rate of 50
mV/s for 1000 cycles (Fig. 4.9c). The capacitance retention is only 68% for pristine
PANI. The cycling stability of PANI is decreased due to volume changes occurring in
polymer chain. The doping/de-doping of electrolyte ions during the continuous
charge/discharge process causes structural instability in the polymer chain thus the cyclic
stability is decreased. Meanwhile, the cycling stability of PANI is increased with the
addition of rGO and N-rGO. The capacitance retention of PANI/N-rGO (93%) is higher
than that of PANI/rGO (83%) after 1000 cycles. The higher capacitance retention of
PANI/N-rGO nanocomposite revealed that the interaction of PANI nanostructures with
graphene sheets is more effective in the presence of N atoms in the graphene sheets. The
obtained results are shown in Fig. 4.9c¢, suggesting that the utilization of N-rGO sheets as
a substrate for the growth of PANI nanostructures improved the structural stability of

PANI and thus enhanced the electrochemical performance.

Table 4.6 Equivalent series resistance (Rs) and charge transfer resistance (Rct) of rGO,
N-rGO, PANI, PANI/rGO, PANI/N-rGO.

(GO  N-rGO PANI PANI/N-rGO PANI/fGO
Rs(Q) 153 1.21 1.18 1.16 1.21
Ret (Q) 194 052 4.03 0.75 1.60

0=~170°

8 =~90°
9=~130° 6=~150°

Figure 4.10 Photographs of flexible SSC device assembled with PANI/N-rGO composite
electrodes and the bending angle measurements.

For the practical application of supercapacitors in flexible electronics, they should
offer high flexibility with no loss in the electrochemical performance on bending the
devices. We checked the flexibility of the supercapacitor device fabricated employing

PANI/N-rGO flexible electrodes by carrying out the CV measurements by bending the
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devices at different bending angles. The photographs of the device upon bending are taken
simultaneously while measuring CV curves at a scan rate of 50 mV/s are illustrated in
Fig. 4.10 & Fig. 4.11a, respectively. The bending angle (8) is measured by following
Zhi’s suggestion (Fig. 4.10) [61]. As seen in Fig. 4.11a, almost similar CV curves are
obtained with the increasing bending angle indicating the good flexibility of the
electrodes. The capacitance values are calculated from the CV curves, and the capacitance
retention with the increased bending angles is plotted in Fig. 4.11b. It is noticed that only
3.5% of initial capacitance is lost after bending the device close to ~170° which is
consistent with the flexibility tests reported elsewhere on PANI-based flexible
supercapacitors [40,62—64]. These results suggest that the supercapacitor designed with
PANI/N-rGO electrode material possesses considerably good flexibility and hence, has

the potential to be used in flexible electronics.
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Figure 4.11 (a) CV curves at respective bending angles measured with a scan rate of 50
mV/s, (b) Capacitance retention of supercapacitor device at different bending angles, and
supercapacitor device (three cells) connected with regulated power supply: (c) before
LED glow; and (d) after LED glow.

Finally, to explore the supercapacitor performance of PANI/N-rGO composite
further, an experiment is performed to drive an LED as a real-time application. Flexible

film electrode of PANI/N-rGO composite are assembled into a prototype supercapacitor
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device as shown in Fig. 4.11c and the inset shows the flexible electrode of PANI/N-rGO
composite. Three devices are connected in series and charged with a 3 V regulated power
supply for 10 sec as shown in Fig. 4.11c. During discharge, an LED is connected in series
with these devices, and with 10 sec of charging time the supercapacitor is found to drive
the LED successfully with good intensity as shown in Fig. 4.11d. Therefore, the PANI/N-
rGO nanocomposite electrode material could be a potential candidate for the development

of flexible supercapacitor devices.

4.3 Conclusions

In summary, we reported a simple and robust approach for a readily scalable
synthesis method for the preparation of PANI/N-rGO nanocomposites. N-rGO
nanosheets are utilized as a platform to grow PANI nanostructures. Flexible electrodes
are prepared to study the electrochemical properties of the composite material. In a
symmetrical supercapacitor configuration, PANI/N-rGO exhibited enhanced
electrochemical properties compared to PANI and PANI/rGO composite. A specific
capacitance value of 322 F/g is obtained for PANI/N-rGO composite at a current density
of 1 A/g. Further, PANI/N-rGO demonstrated high-rate capability and enhanced cycling
stability (93% capacitance retention after 1000 cycles). The improved performance is
attributed to the high surface area and long-range interconnected PANI nanostructures
network in the composite material. Overall, the present work demonstrates a promising

electrode material for flexible supercapacitor.
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CHAPTER 5

FLEXIBLE SUPERCAPACITOR USING NSA DOPED
POLYANILINE/S-rGO COMPOSITES

5.1 Introduction

Conducting polymers (CPs), transition metal oxides (TMOs), and transition metal
chalcogenides (TMCs) fall in the class of pseudocapacitor electrode materials and offer
high specific capacitance thereby increasing energy density [1]. In Pseudocapacitors,
charge storage is happened based on the reversible fast-redox reactions which occurred
at the electrode/electrolyte interface and the near surface of electrode material. In the
context to design a flexible SC, many research groups are motivated to develop new
advancements in CPs since their notable features like excellent conductivity and
flexibility to fabricate flexible SCs [2]. Among the different types of CPs, Polyaniline
(PANI) has attained an immense research interest owing to its impressive characteristic
features including easy synthesis, flexible structure, tuneable electrical conductivity, non-
toxic and multiple redox chemistries [3,4]. The nature of dopant and concentration has a
significant impact on the morphology and electrical conductivity of PANI [5,6]. A wide
variety of synthesis approaches, such as chemical polymerization, electrochemical
polymerization, interfacial polymerization, seeding polymerization, hard template, and
soft template methods were explored to obtain different micro and nanostructured forms
of PANI [7-11]. Among them, the soft template method is considered to be a well-suited
synthesis method to synthesize PANI with controlled morphology and excellent
electrochemical properties. Several different types of organic sulfonic acids are used as
surfactant-based soft templates as well as dopants to grow PANI nanostructures for
improved electrochemical properties [12—14]. In this method, strong wander wall forces,
hydrogen bonding, and other driving forces acted on the supermolecules to self-assemble
themselves in the desired morphology [14,15]. Yield is relatively high as compared to
electrochemical and interfacial polymerization, so bulk synthesis is also possible with this
method. On the other hand, PANI suffers from some drawbacks when it is used as
electrode material for supercapacitors, such as short cycle life and lower rate capability
due to the continuous volume changes that occur in the polymer chain during the long
charging-discharging process. Therefore, one of the key approaches is the incorporation
of carbon materials, they can restrict the structural deformation of PANI and also provide
additional capacitance based on their electrical double layer charge (EDLC) storage

behaviour. Reduced graphene oxide (rGO) considered being a potential candidate to
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composite with PANI to improve structural stability and its electrochemical performance
by providing additional EDL capacitance [16]. The two-dimensional layered structure of
rGO act as a stable platform to grow one dimensional PANI nanostructures. In addition,
rGO can also act as a counterion of PANI, which enhance chemical stability and increase
electrical conductivity [17]. Moreover, heteroatom doping into graphene network is
considered to further enhance the properties of rGO by tuning local charge density which
would lead to an increase in the double-layer capacitance. In addition, doping creates the
trap centres in graphene lattice to store charge carriers which eventually leads to an
increase in the storage capacity [18]. For instance, Hao et al. have reported a specific
capacitance of 241 and 189 F/g at 0.5 A/g in 1 M H>SO4 and 6 M KOH electrolytes,
respectively in symmetrical supercapacitor assembly using sandwich-like polyaniline/B-
doped graphene material [19]. Fan et al. synthesized sulfonated graphene/polyaniline
nanocomposite paper and observed a maximum specific capacitance of 478 F/g at 0.5 A/g
in three-electrode configurations [20]. Recently, Du et al. have prepared N, S-co-doped
graphene/polyaniline composite hydrogel. The resultant composite delivered a maximum
specific capacitance of 236.5 F/g at 0.5 A/g based on a three-electrode configuration [21].
Although the combination of heteroatom doped graphene with PANI is proved to be a
promising approach to enhance the performance of electrode material, in most of the
above referred reports, the synthesis of PANI nanostructures is carried out by applying
conventional route of in-situ chemical oxidation of aniline in acidic media, which offer
more tendency to agglomerate PANI nanostructures. The agglomeration of PANI
nanostructures restricts the diffusion of electrolyte ions thus resulting in lower
performance. Hence, a suitable combination of heteroatom doped graphene and a better
synthesis approach needs to be explored to improve the morphology and the overall
electrochemical activity of the composite material. Moreover, to the best of our
knowledge, only very few studies are explored the symmetrical supercapacitor studies
based on the free-standing electrodes using SPANI/S-rGO composites.

In the present study, we followed a facile method to grow well-aligned PANI
nanostructures on S-doped reduced graphene oxide nanosheets to provide high
electroactive surface area for the electrolyte ions and rapid charge transfer with a short
diffusion length. The effect of different S-rGO content on the structural, morphology and
electrochemical performance of SPANI/S-rGO composites is evaluated. The SPANI/S-
rGO10 (10 wt.% of S-rGO) composite electrode delivered a high specific capacitance of

347.5 F/g at a current density of 1 A/g in symmetrical supercapacitor assembly. Further,
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the SPANI/S-rGO10 composite electrode shown impressive cycling stability of 89% after
2500 cycles at a current density of 2 A/g. The enhanced performance is attributed to the
optimum loading of S-rGO in designing binary composite, well-aligned growth of SPANI
nanostructures on S-rGO sheets, and synergistic effect of both S-rGO and SPANI. The
facile synthesized SPANI/S-rGO composite electrode material with the offer mentioned
features is considered to be a promising material for the fabrication of supercapacitors.

5.2 Results and Discussion

XPS studies were conducted to identify the surface elemental composition and
doping level of sulfur atoms in the graphene framework. XPS survey spectra of GO and
S-rGO are displayed in Fig. 5.1a. The survey spectra of GO comprise the C 1s and O 1s
peaks, whereas S-rGO contains a peak that corresponds to S 2p in addition to C 1s and O
1s peaks. The survey spectra of S-rGO confirm the successful doping of sulfur spaces in
graphene networks. In addition, the XPS analysis revealed that the atomic ratios of C and
O (C/0O) are found to be increased from 2.93 (GO) to 14.49 for S-rGO indicating a higher
degree of reduction in S-rGO. The elemental composition of GO and S-rGO is given in
Table 5.1.

Table 5.1 Elemental composition of GO and S-rGO from XPS survey spectra.

Material C (at. %) S (at. %) O (at. %) C/O ratio
GO 74.56 - 25.44 2.93
S-rGO 90.89 2.85 6.27 14.49

Further, the high-resolution C 1s spectrum of GO is deconvoluted into four peaks,
which are centered at ~284.4 eV, ~285.9 eV, ~287.5 eV, and 289.7 eV are assigned to the
C=C/C-C, C-0, C=0, and O-C=0, respectively, indicating the higher oxidation level of
GO (Fig. 5.1b) [22]. Whereas the C 1s spectrum of S-rGO is fitted into four peaks at
~284.5 eV, ~286.0, ~287.9 eV, and ~290 eV corresponding to C=C/C-C, C-S/C-0, C=0,
and O-C=0 bonds, respectively (Fig. 5.1c). It was noticed that the peaks associated with
the oxygen functional groups are reduced owing to the reduction of GO during
hydrothermal treatment. In addition, the peak centered at 286.0 eV is found to broaden
which is an indication of the presence of C-S bonding configuration in the S-rGO sample.
As we observed from the deconvolution spectra of S 2p of S-rGO, the peaks centred at
163.7 eV and 165.4 eV reflected the covalent bonding configuration of C-S-C with spin-
orbit coupling (Fig. 5.1d). The other peak at 168.1 eV is owing to the formation oxidation
state of sulphur (C-SOx-C) in the S-rGO sample. From the results obtained from the XPS
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spectra, it is concluded that the successful reduction of GO and doping of sulfur atoms
into graphene lattice for the S-rGO sample. The presence of higher atomic size S atoms
creates defective sites due to the higher bond length of C-S than C-C. These defective

sites act as redox-active surface areas and contribute to additional pseudocapacitance

[23].
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Figure 5.1 (a) XPS survey spectra of GO and S-rGO (b) Deconvolution C 1s Spectra of
GO, Deconvolution (c) C 1s Spectra, and (d) S 2p spectra of S-rGO.

Figure 5.2 illustrates the Raman spectra of GO and S-rGO. Raman spectrum of
GO, S-rGO exhibited a well-defined two vibrational bands related to D band and G bands,
which are consistent with the reported literature. For GO, the peaks centred at ~1350 cm”
L and 1594 cm™ are referred to as D and G bands, respectively [24]. The G band is related
to the sp? hybridized carbon atoms it is observed in the wavenumber range of 1570 -1580
cm? for graphite but the observed G band for GO is shifted towards the higher
wavenumber side for GO (blue shift) indicates the higher degree of oxidation and the
formation of sp® carbon atoms in graphite lattice. In comparison with GO, the G band is
red-shifted in the case of S-rGO and it is located at 1585 cm™. The shift in the G band
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could be associated with the removal of oxygen moieties during the reduction process and
the reconstruction of sp? hybridized domains and the graphitic phase. Further, the
intensity ratio of D to G band (Io/lg) is interlinked with the disorder and structural defects
in the graphene lattice. The Ip/lg ratio of GO and S-rGO are found to be 0.93 and 1.09,
respectively. The higher value of Ip/lg ratio for S-rGO elucidates the higher degree of
disorder in the graphene network due to the insertion of bigger sized sulphur atoms into
graphene lattice by disrupting the sp? bonds of carbon atoms. The results obtained from
the Raman spectra confirm the doping of sulfur atoms into graphene layers and introduced
more defects in the graphene framework. The defective structure of S-rGO can enhance

the specific surface area and improves electrochemical performance.
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Figure 5.2 Raman spectra of GO and S-rGO.

XRD patterns of S-rGO, SPANI, SPANI/S-rGO composites are shown in Fig. 5.3.
S-rGO possessed a broad diffraction peak ~25° corresponding to the (002) reflection
indicating the reduction of GO and restoration of graphene structure in S-rGO (Fig. 5.3a).
SPANI exhibited less intensive diffraction peaks at 19° are 25° confirms the conductive
emeraldine salt form of SPANI and these peaks are related to the periodicity
perpendicular and parallel to the polymer chain, respectively [15,25,26]. For SPANI/S-
rGO composites, similar XRD patterns are observed. From the XRD plots of SPANI/S-
rGO composites, it is noticed that the intensity of diffraction peak at 25° is increased with
increasing concentration of S-rGO, indicating the successful incorporation of S-rGO

nanosheets in the composites (Fig. 5.3a). An additional small intensity peak is also
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observed at 20 of 43° in SPANI/S-rGO composites, which is related to the graphitic phase
of S-rGO.
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Figure 5.3 XRD patterns of (a) S-rGO, and SPANI and SPANI/S-rGO composites.
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The surface morphology images of S-rGO, SPANI, and SPANI/S-rGO
composites are shown in Fig. 5.4. From Fig. 5.4a, agglomerated crumbled layers with the
defective structure are observed for S-rGO. These defective structures are created due to
the doping of higher atomic size S atoms. Further, it is noticed that the graphene layers
are stacked together due to the removal of oxygen functional groups during hydrothermal
reduction. For SPANI, vertically aligned nanorod like morphology is observed (Fig.
5.4b). During the polymerization, NSA act as a soft template as well as a dopant for the
SPANI nanostructures. For SPANI/S-rGO5 composite, with the incorporation of S-rGO,
PANI maintained its nanorod like morphology over the surface of graphene layers (Fig.
5.4c). In SPANI/S-rGO10 composite, growth of SPANI nanorods structure is more
prominent and which are vertically aligned in all directions with the support of S-rGO
sheets. (Fig. 5.4d). The well-aligned nanostructures of SPANI/S-rGO10 could be results
in an increased contact area for the electrolyte ions to diffuse and enhance the charge
transfer property of the material. The better morphology of SPANI/S-rGO10 could be
realised by the strong interaction of S-rGO and SPANI chains. Further, increase in wt.%
of S-rGO for SPANI/S-rGO15 and SPANI/S-rGO20 leads to the stacking of S-rGO sheets
which covered the SPANI nanostructures (Fig. 5.4e&f). The overlapping of S-rGO results
in a decrease in the surface area accessible to the electrolyte ions. The overlapped
structure of SPANI/S-rGO15 and SPANI/S-rGO20 restrict charge transfer kinetics and

results in lower specific capacitance.
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Figure 5.4 FESEM images of (a) S-rGO, (b) SPANI, and (c) SPANI/S-rGO5, (d)
SPANI/S-rGO10, (e) SPANI/S-rGO15, and (f) SPANI/S-rGO20 composites.

Fourier Transform Infrared Spectroscopy (FTIR) studies were conducted to
evaluate the presence of various functional groups in the synthesized material. Figure 5.5a
shows the FTIR spectra of SPANI and SPANI/S-rGO composites. SPANI exhibited
various characteristic vibrational peaks. The main vibrational peaks at 1565 cm™ and
1490 cm originated from the C=C stretching of quinonoid ring and benzenoid ring,
respectively [27]. The other peaks at 3400, 1294, 1237, 1141, and 814 cm™ are related to
the -NH- stretching, —C-N* protonic stretching, —C-N stretching of amine groups, and -
B-NH+-Q stretching, —C-H bending vibration in benzene ring [27,28]. The peaks at 1029,
and 671 cm™ arising from the -SO3™ symmetric stretching confirm the NSA doping [29].
All the vibrational peaks which are related to SPANI are also observed in SPANI/S-rGO
composites but the intensity of all peaks is reduced with increasing concentration of S-
rGO. The peak intensity ratio of the quinoid ring (lg) and benzenoid ring (Ig) is useful to
estimate the degree of oxidation and the interaction between SPANI and S-rGO layers.
Figure 5.5b gives a clear view of quinonoid ring (lIg) and benzenoid ring (Ig) peaks. We
found that the intensity ratio (lg/lg) is increased with the increasing wt.% of S-rGO
indicating the presence of high number of quinoid rings in the composite. The increase in
quinoid rings in SPANI/S-rGO composites suggests a strong interaction between S-rGO
layers and conjugated PANI chains. This can be supported by the existence of a weak
charge transfer complex formed between SPANI and S-rGO layers during polymerization
where aniline loses an electron to the S-rGO layers [28]. Due to the formation of charge-
transfer complex in SPANI/S-rGO composite, S-rGO can also act as a dopant to the
SPANI and which leads increase in electrical conductivity, and hence, we observe an

improved electrochemical performance.
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Figure 5.5 (a) FTIR spectrum of SPANI and SPANI/S-rGO composites, (b) Zoomed view
of FTIR_ spectra at quinoid and benzenoid ring region of SPANI and SPANI/S-rGO
composites.

The electrical conductivity measurements for SPANI, SPANI/S-rGO composites
are obtained from a four-probe method. powder samples are pressed into pellets of a
diameter of 1.3 cm and thickness ~0.05 — 0.06 cm using a hydraulic press. Measurements
are repeated 5 times for each sample and the average values are given in Table 5.2. Here,
we noticed that the electrical conductivity for all the SPANI/S-rGO composite samples is
relatively higher compared to the electrical conductivity of pristine pure PANI. This is
owing to the strong m-m stacking interaction and formation of charge transfer complex
between the SPANI nanostructures and S-rGO layers and it is consistent with the FTIR

studies.

Table 5.2 Electrical conductivity of S-rGO, SPANI, SPANI/S-rGO composites.

Samples SPANI  SPANI/S-rGO5  SPANI/S-rGO10  SPANI/S-rGO15  SPANI/S-rGO20

Conductivity 006 0.95 2.63 2.24 2.22
(Slem)

The electrochemical properties of the electrode materials are studied using CV,
GCD and EIS methods. Figure 5.6a shows the CV curves of S-rGO, SPANI, and
SPANI/S-rGO composites at a 10 mV/s scan rate. It is observed that a nearly rectangular
shape CV curve with a small hump at the low potential side for S-rGO, shows the
contribution of pseudocapacitance from the S and residual oxygen species. Whereas,
SPANI exhibiting typical pseudocapacitive behaviour originated from the SPANI
nanostructures [26]. From Fig. 5.6a, all the SPANI/S-rGO composites show the combined
features of EDLC and pseudocapacitive nature. However, it is noticed that the increasing
concentration of S-rGO in composites, shows the increased area surrounded by the CV

curve. It is known that the specific capacitance of a material is directly proportional to the
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area covered by the CV curve. The integrated area covered by the CV curve is maximum
for the SPANI/S-rGO10 composite and with further increase in the S-rGO concentration,
the area is decreased. Therefore, the SPANI/S-rGO10 composite possessed high specific
capacitance. As we see from the FESEM results, increasing the concentration of S-rGO
in composites causes the overlapping of SPANI nanostructures with S-rGO sheets, which
restricts the accessible area of SPANI for the electrolyte ions. CV curves obtained at
different scan rates from 10 mV/s to 100 mV/s are shown in Fig. 5.6(b-e) for SPANI/S-
rGO composites. The CV curves are altered with increased scan rate for the SPANI
indicating poor structural stability of SPANI at higher scan rates (Fig. 5.6b). However,
within the incorporation of S-rGO in composites, the structural stability of the electrode
materials is improved and it is seen in Fig. 5.6d. The SPANI/S-rGO10 composite material
possesses the combined features of both EDLC and Pseudocapacitive behaviour. It is
worth noting that the CV curves of SPANI/S-rGO10 composite are approximately
remaining same with increased scan rate and are nearly rectangular at a scan rate of 75
mV/s and 100 mV/s. At higher scan rates, electrolyte ions do not have enough time to
diffuse through the electrode material, as a result, the specific capacitance is decreased
with increased scan rate. The specific capacitance values with increased scan rates for all
the materials are calculated using the CV curves shown in Fig. 5.6(b-e). The specific
capacitance vs scan rate curves are depicted in Fig. 5.6f, it is noticed that the SPANI/S-
rGO10 composite possessed higher specific capacitance at higher scan rates, indicating

the high-rate capability of the composite material.

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 130



CHAPTER 5

(b) ()

Scan rate = 10 mV/s i SPANI SPANI/S-rGO5

~~
[S)
p—

t density (A/g)

— 10 mV/s

——25mVs
50 mVs
75 mVs

—— 100 mVs

—5-1G0

——S8PANI
SPANI/S-+GOS
SPANI/S-1GO10 -5

—— SPANI/S-1GO15 —— 100 mV/s

Current density(A/g)
)

Current density(A/g)

Curren
b L s e e ow

0.0 0.2 0.4 0.6 0.8 0.0 0z 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
Potential (V) Potential (V) Potential (V)

(@ (

(¢
~—t
)
O

SPANI/S-rGO10 15 SPANLS-rGO15 ——S-rGO

—o—SPANI

—o— SPANIS-rGOS
SPANIS-rGO10

—o— SPANIS-rGO15

(Ffg)
g

S0

urrent density(A/g)
n

—— 10 mV/s
—25mVis
S50 mVis

Current density(A/g)

50 mVis o
75 mVis asp
—— 100 mVis

Specific capacitance
s @ £
s 2 =

T T

75 mVis
—— 100 mV/s

0.0 0.2 0.4 0.6 0.8 0.0 02 0.4 0.6 0.8 0 20 40 60 80 100
Potential (V) Potential (V) Scan rate (mV/s)

Figure 5.6 (a) CV curves of S-rGO, SPANI, SPANI/S-rGO composites at a scan rate of
10 mV/s, CV curves of at scan rate from 10 mV/s to 100 mV/s: (b) SPANI, (c) SPANI/S-
rGO5, (d) SPANI/S-rGO10, (e) SPANI/S-rGO15, and (f) scan rate vs specific capacitance
curves of S-rGO, SPANI, and SPANI/S-rGO composites.

The GCD curves of S-rGO, SPANI, and SPANI/S-rGO composite electrode
materials are obtained at a constant current density of 1 A/g and the plots are shown in
Fig. 5.7a. All the samples displayed a deviation in GCD curves from the triangular shape
indicating their pseudocapacitive behaviour. The specific capacitance values of all the
materials are calculated using Eqn. 2.3. The specific capacitance of 132.5 F/g for S-rGO,
240 F/g for SPANI, 287.5 F/g for SPANI/S-rGO5, 347.5 F/g for SPANI/S-rGO10, and
330 F/g for SPANI/S-rGO15 observed. SPANI/S-rGO10 possessed a high specific
capacitance value suggesting the 10 wt.% S-rGO is the optimal quantity for composite
material. Further, an increase in S-rGO wt.% shows the decrease in specific capacitance
due to the overlapping of S-rGO layers. Further, the SPANI/S-rGO10 also exhibited
better rate capability at high current density compared to pristine SPANI, and other
SPANI/S-rGO composites, as shown in Fig. 5.7(b-e). The change in specific capacitance
of all the samples at different current densities is shown in Fig. 5.7d. The specific
capacitance values of S-rGO, SPANI, SPANI/S-rGO5, and SPANI/S-rGO15 are
calculated using GCD curves (Fig. 5.7(b-e)). From Fig. 5.7f, it is observed that the
SPANI/S-rGO10 composite is able to retain 68% of its initial capacitance at a current
density of 5 A/g whereas pure SPANI retained only 57% of its initial capacitance. The
improved performance of SPANI/S-rGO10 composite could be attributed to uniform
growth of SPANI nanostructures on S-rGO sheets with better morphology (Fig. 5.4d),
availability of electroactive surface area for electrolyte ions to perform fast redox reaction
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and formation of a charge-transfer complex between polymer chain and S-rGO as we seen
in FTIR spectra (Fig. 5.5). The obtained values of specific capacitance and the rate
capabilities are comparable with the results obtained from the similar electrode materials
shown in Table 5.3.
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Figure 5.7 (a) GCD curves of S-rGO, SPANI, and SPANI/S-rGO composites at a current
density of 1 A/g, GCD curves at current densities from 1 to 5 A/g: (b) SPANI, (c) SPANI/S-
rGO5, (d) SPANI/S-rGO10, (e) SPANI/S-rGO15 and (f) current density vs specific
capacitance curves of S-rGO, SPANI, and SPANI/S-rGO composites.

From the GCD curves, we have calculated the specific energy and specific power
values of the device assembled by SPANI/S-rGO10 composite. The specific energy and
specific power are the two important parameters to further evaluate the performance of a
supercapacitor device. The obtained values of specific energy and specific power at
different current densities are displayed in the Ragone plot (Fig. 5.8a). The SPANI/S-
rGO10 composite based device has a specific energy of 12.87 Wh/Kg and the
corresponding specific power of 333.06 W/Kg at a current density of 1 A/g which is
comparable with reported literature based on PANI carbon composite materials [7,18,30—
32].

Table 5.3 Comparison of the specific capacitance of similar electrode materials.

Electrolyte/

Material Electrode system Specific capacitance Cyclic stability Rate capability Ref.
PANI/GO 1 M H,S0./2 ele” 447 Flg at 0.5 Alg 95.7% (5000 cycles)  46% (0.5 —20 A/g) [6]
Ni(OH).@PANI 3 M KOH/2 ele” 120 F/g at 1 Alg 86% (5000 cycles) 77.5% (1-5 A/g) [14]
3D rGO/PANI 1 M H,S0,/2 ele” 438.8 F/g at 0.5A/g 76.5% (2000 cycles)  91.4% (0.5-4 A/g) [16]
S, N-GQD/PANI 1 M H,S0./2 ele” 124.2 Flgat 1 Alg 90% (1000 cycles) - [18]
PANI/FrGO PVA/H,SO./2 ele* 3244 F/gatl Alg 83.3% (1000 cycles) - [30]
N-carbon/PANI 1 M H,S0,/2 ele” 285 F/gat 0.5 Alg 80% (5000 Cycles) 73.7% (1-10 A/g) [31]
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PANI-GNRs ~ 1MH;SOJ2ele’ 340 Flgat025Alg  90% (4200 cycles)  75% (0.25— 4 Alg)  [32]
NG/PANI 1MH,SO/2ele®  932FigatlAlg  79% (5000 cycles)  64% (1-10 Alg) [33]
HCM/PANI  1MH,SO/2ele* 76 Flgat0.2 Alg  90.6% (1000 cycles) 64% (02— 10 Alg)  [34]
N'G';'i'lfl’fNP' 1MH,SO/2¢le® 230 Flgat01Alg  96% (3000 cycles)  88% (3.8-15Alg)  [35]
0, -
ZnSIRGO/PANI 6 M KOH/2 ele* 722Flgat1Alg  76.1% (1000 cycles) 200 /X/g’)'3 20 [36]
0, -
PANIIGECF  1MH,SOu2ele* 9765 F/gat0.1Alg  89.2% (1000 cycles) >+ {?«/(8)4 50 [37]
PANI-FA 1MH,SO /2 el 208 Flgat25Alg  66% (5000 cycles) - [38]
IGO-AU@PANI 1 MH,SO/2ele*  212.8Figat1Alg  86.9% (5000 cycles) 89.5% (0.5-5A/g)  [39]
CF@RGOPANI  1MH,SOJ2¢le’ 8685 F/gatl Alg  94.1% (2000 cycles)  95% (1-5 Alg) [40]
PANIIGO 1MH,SO/2ele*  220Flgat02 Alg  75% (3000 cycles)  47% (0.2-20 Alg)  [41]
. 7.4% (0.3 - 13.7
CC-PANI-CBf  1MH,SOJ/2ele® 1039 Flgat03Alg  >80% (1000 cycles) o) [42]
PF-IGO/PANI  1MH,SOJ2ele” 489 F/gat0O5A/g  89% (2000 cycles) - [43]
PANI-IPDI-IGO  PVA/H;SOJ2 ele® 485 Flg at 1 Alg 950 (2000 cycles)  73.2% (1-15 Alg)  [44]
SPANI/S-TGO10 1M H,SO42ele*  347.5F/gat1 Alg 89% (2500 cycles) 68% (1-5 A/g) ijfl?t

# Capacitance calculated using single electrode, * based two electrodes, *Not mentioned

To further understand the superiority of the composite materials, electrochemical
impedance spectroscopy studies are obtained for all the samples. Figure 5.8b shows the
Nyquist plots of S-rGO, SPANI, SPANI/S-rGO composites. It is seen from the insight of
Fig. 5.8b, all the samples exhibit a similar Nyquist plot with a semi-circle in the high
frequency to mid-frequency region, a slope in the mid-frequency region, and a straight
line in high-frequency region. In general, the touching point of the semi-circle on x-axis
at high frequency indicates the equivalent series resistance (Rs) which is the sum of the
resistance of electrode material, bulk resistance of electrolyte, and contact resistance [45].
The diameter of the semicircle corresponds to the charge transfer resistance (R¢t) which
is corresponds to the charge transfer at electrode/electrolyte interface and the slope at the
mid-frequency region shows the diffusion behaviour of electrolyte ions [7,46]. The
charge transfer resistance is one important factor that limits the power densities of
supercapacitors. The values of Rs and Rt of all the samples are given in Table 5.4. The
obtained values of Rs and R¢t of SPANI/S-rGO10 composite are lower than that of pure
SPANI and S-rGO and other composite materials indicating the high conductivity of
electrode material. The lower charge transfer resistance for SPANI/S-rGO10 is attributed

to the strong interaction between S-rGO sheets and SPANI nanostructures.

Table 5.4 Equivalent series resistance (Rs) and charge transfer resistance (Rct) of S-rGO,
SPANI, SPANI/S-rGO composites.

SrGO  SPANI  SPANI/S-TGO5  SPANI/S-rGO10  SPANI/S-rGO15
Rs (Q) 0.85 12 1.6 13 1.4
Ret (Q) 1.4 25 15 0.9 1.0
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Figure 5.8 (a) Ragone plot of SPANI/S-rGO10 composite, and (b) Nyquist plots of S-
rGO, SPANI, and SPANI/S-rGO composites.

The cycling stability studies are performed to understand the long-term stability
of the composite material. The charge/discharge curves of SPANI and SPANI/S-rGO10
composite are obtained at a current density of 2 A/g for 2500 cycles (Fig. 5.9). It is noticed
that the specific capacitance of both samples is decreased rapidly at the initial 200 cycles.
The SPANI/S-rGO composite lost 8% of its initial capacitance in the first 200 cycles
whereas SPANI lost 17%. The decrease in capacitance during initial cycling might be due
to the surface redox reactions and loosely attached fragments of polymer. During the
cycling process, the continuous doping/dedoping has occurred in PANI which causes the
volume expansion/contraction and even degradation of PANI film, resulting in fading of
capacitance [47]. From the 200 cycles to 2500 cycles the composite materials lost only
3% which is very much lower than that of SPANI 21%. The cycling stability of SPANI
is greatly improved with the addition of S-rGO sheets in the composite material. The
enhanced cycling stability of the composite material indicates the superiority of the
electrode material in the composite form. Therefore, the composite with optimized wt.%

of S-rGO could be a potential candidate for the high-performance supercapacitor.
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Figure 5.9 Capacitance retention with the number of cycles at a current density of 2 A/g
for SPANI/S-rGO10 and SPANI samples.

To further demonstrate the flexibility of the SPANI/S-rGO10 composite material,
CV measurements are carried out by bending the supercapacitor device fabricated using
SPANI/S-rGO10 flexible electrodes (Fig. 5.10b). The photographs of the device upon
bending were recorded simultaneously while measuring CV curves at a scan rate of 50
mV/s are illustrated in Fig. 5.10a. Precisely, the bending angle (0) is measured using Zhi’s
suggestion, it is given in Fig. 5.10a of supplementary information [48]. We observed that
the CV curves are identical with increasing bending angles demonstrating the good
flexibility of the electrode materials. The results obtained from the flexibility studies are
consistent with the flexibility tests reported elsewhere on PANI based flexible

supercapacitors [49-52].
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Figure 5.10 (a) Bending angle measurements for the SPANI/S-rGO10 composite based
SSC, and (b) CV curves at recorded at different bending angles with a scan rate of 50
mV/s.
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5.3 Conclusions

Two-dimensional S-doped reduced graphene oxide layers are used as support to
grow Naphthalene sulfonic acid doped polyaniline nanostructures using a facile method
containing hydrothermal reduction followed by an in-situ polymerization method. The
well-designed SPANI/S-rGO electrode exhibited enhanced electrochemical performance.
The binary composite with 10 wt.% of S-rGO, i.e., SPANI/S-rGO10 electrode delivered
a high specific capacitance of 347.5 F/g at a current density of 1 A/g in 1 M H>SO4and
improved cycling stability (~89% after 2500 cycles at a current density of 2 A/g). The
results depicted that the enhanced performance is attributed to the optimum loading of S-
rGO in designing binary composite, well-aligned growth of SPANI nanostructures on S-
rGO sheets, and synergistic effect of both S-rGO and SPANI. The facile synthesized
SPANI/S-rGO composite electrode material with the offer mentioned features is

considered to be a promising candidate for high-performance supercapacitor.
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CHAPTER 6

CORN HUSK BIOWASTE DERIVED POROUS CARBON FOR
HIGH PERFORMANCE SUPERCAPACITOR

6.1 Introduction

The pollution caused by the combustion of fossil fuels for the generation of electrical
energy has become a big issue that needs to be addressed in the modern day. Emissions
produced by fossil fuels, such as carbon dioxide and other greenhouse gasses, are causing
unpleasant climate changes and harming human health [1]. One of the most attractive
options for replacing fossil fuels is the process of producing electrical energy from natural
sources such as solar, wind, and so on. However, effective use of such time-limited
resources can be accomplished by utilizing adequate energy storage systems such as
rechargeable batteries and supercapacitors (SCs) [2—4]. In this regard, SCs are considered
a featured electrochemical energy storage system, which meets high power requirements
[5]. In general, two possible ways of energy storage there exist in SCs [6]. The energy
stored in SCs by the accumulation of charges is called Electrical Double-Layer Capacitors
(EDLC) and the charge storage by the reversible faradaic reaction at the electrode and
electrolyte interface is called Pseudocapacitors [7,8]. The primary problem that hinders
the practical application of SCs is their low energy density [9]. To enhance the energy
density, it is important to focus on the development of new active materials with excellent
capacitive and stability behaviours.

EDLC type SCs are commercially very much available due to their attractive
characteristics like high-power capability, fast charge-discharge rate, and long cyclability
[9,10]. In the past few decades, various types of carbon materials such as activated porous
carbon [11-14], carbon nanotubes, carbide-derived carbons, carbon fibers, carbon
quantum dots, and graphene-based material have been investigated as electrode materials
for EDL capacitors [15-19]. Among them, porous carbons (PCs) derived from
biomass/biowaste have been receiving significant research interest due to the low cost,
natural abundance, renewable and are very meaningful in particular for “waste to wealth”
purpose [1,4,13]. The type of precursor material, the activation process and the activation
conditions play major roles in determining the properties of the resulting PCs including
porosity, pore-size distribution, surface area and surface chemistry [20,21]. Many
biowaste resources from plant and animal waste such as corncob [6], mangosteen peel
[7], coconut shell [22], coffee grounds [11], soybean dregs [21], rice straw [23], wheat
husk [24], corn Silk [25], citrus peel fiber [26], pomelo peel [27], fish seed [28], orange-
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peel [29], Setaria viridis [30], Sapindus trifoliatus nut shells [31], tamarind seed coat
[32], etc. are used for the production of porous carbons. The general approaches to prepare
biowaste derived PCs are direct pyrolysis, hydrothermal-assisted carbonization, and
carbonization-activation under inert atmospheric conditions. Among them,
carbonization-activation is an immensely studied approach, where initially the raw
material is carbonized under inert conditions then activated through physical (CO; and
H.O steam activation) and/or chemical (KOH, NaOH, ZnCl,, H3PO., KHCOs3 etc.)
procedure at relatively high temperature [33-35]. Chemical activation is considered to be
a suitable route to prepare porous carbons with high surface area and tuneable porosity
by changing the synthesis parameters (precursor to activating agent ratio, activation
temperature, activation time) [12,35-37].

The PCs synthesised from the biomass should possess a high surface area along with
suitable pore size distribution to enhance EDL capacitance [37,38]. Porous carbons which
contain abundant micropores (<2 nm), provide high specific surface area and increase the
energy storage at lower current density. mesopores and macropores are effective in
minimizing the ion diffusion distances, low-resistant pathways for the ions and
facilitating fast ion transportation at high current densities thus providing good rate
capability [13,39]. Therefore, the synthesis of porous carbon with a high surface area and
controlled porosity is essential to achieve high energy density along with good rate
capability.

Corn or Maize is a “food crop” which is grown in large quantities all over the world
without any geographical limitations and it produced more than 1075 million tons around
the world in 2017 [40]. Corn has been recognized as the third most cultivated food crop
in India, after rice and wheat., the total corn production in the country has increased to
193% from 1990 to 2016 [41]. The increase in corn production also increases solid waste
corn husk (CH). CH is lignocellulose biowaste, composed of cellulose (38.2%) and
hemicellulose (44.5%), as well as a little amount of lignin (6.6%) and ash (2.8%) [40,42].
However, the CH weighed 10% of corn stover, which is thrown away as waste, used as
food for animals or burned which creates environmental pollution. Instead of wastage,
the abundantly available, low cost, renewable resource of CH can be utilized as biowaste
raw material for the preparation of value-added porous carbons. Hence, in the present
study, we have used natural abundant biowaste of CH as a precursor for the synthesis of
porous carbons (CHPCSs) using carbonization and chemical activation method. The effect

of activation temperature on the surface area and pore structure of the resultant carbons

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 142



CHAPTER 6

is studied. Further, how the surface area and porosity effected the electrochemical
properties of the CHPCs is evaluated in a two-electrode supercapacitor system.
6.2 Results and Discussion

The macroscopic photograph of CH is shown in Fig. 6.1a and it has
consisted of a fibrous surface with a prominent thick sheet-like structure. After the
carbonization, CHBC maintained a similar flat surface structure without any pore
development (Fig. 6.1b). The chemical activation using KOH imposed porosity
which can be seen from the SEM images given in Fig. 6.1(c-f). CHPC-600 has less
porosity due to the insufficient temperature for the reaction to start (Fig. 6.1c).
During the chemical activation, stepwise reactions have happened between the
CHBC and KOH. Initially, at a temperature of about 600 °C, KOH fully reacted
with Carbon and form K>COs. Further, increase in activation temperature to 700
and above, the as-formed K>COz3 is converted into KO and CO; at temperature.
Then, these K>O and CO: further react with C and release CO and Metallic K
[26,33]. These intermediate products intercalate into a carbon framework and
expand carbon lattices leading to a highly porous structure. Increasing activation
temperature from 600 °C to 700 °C results in creating some pores in the sample
(Fig. 6.d). Further increase in temperature from 700 °C to 800 °C created more
porosity in the sample CHPC-800 which eventually enhance the surface area and
pore volume of the sample (Fig. 6.1e&f). The irregular size and ordered open pores
can be seen in CHPC-800 (Fig. 6.1e&f). It is worth noting that the open pores
created in CHPC-800 are interconnected which allows low-resistant pathways for
the ions and facilitates fast ion transportation thus improving the capacitive

performance.
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[ s weie e Wﬂ -
Figure 6.1 (a) Photograph of CH, SEM |mages of (b) CHBC (c) CHPC-600, (d)
CHPC-700, and (e)& (f) CHPC-800.
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The effect of temperature on the specific surface area and porosity is
investigated using N2 adsorption-desorption isotherm analysis. The isotherm plots
of CHPC-600, CHPC-700, and CHPC-800 are shown in Fig. 6.2a. The samples
activated at temperatures 600 °C and 700 °C are showing type-l isotherm with
abundant microporosity. Whereas the sample CHPC-800 exhibited type-1V
hysteresis with both micro and mesoporous behaviour. The obtained specific
surface area values are 881 m?/g for CHPC-600, 1458 m?/g for CHPC-700, and 1583 m?/g
for CHPC-800. For sample activated at 600 °C is having high microporosity, when
the temperature increases to 700 °C, 60% of increment is observed in specific
surface area (Table 6.1). For CHPC-800, a little increase in surface area is observed
and micropores are collapsed and formed into mesoporous (Table 6.1). The equal
distribution of both micro and meso porosity is highly beneficial for the charge
accumulation and electrolyte ions diffusion. The pore size distribution curves are
given in Fig. 6.2b and the insight shows the mesopores region. From the
microporous region, for CHPC-600 and CHPC-700 all the pores are distributed
only in the micropore region and for CHPC-800 the pores are distributed in both

micropore and mesopore regions with pore radius <10 nm.
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Figure 6.2 (a) N2 adsorption-desorption isotherms and (b) Pore size distribution
curves, inset shows the mesopore region.

Table 6.1 Surface area summary results of CHPCs.

S ] Stot Smic Smeso Vt Vmic
ample

P m*gh  (m’gh m’g")  (em’g!)  (em’g?)
CHPC-600 881 873 8 041 0.39
CHPC-700 1458 1433 25 0.71 0.66
CHPC-800 1583 783 800 0.99 048

Stot: total surface is by BET method; Smic: Micropore surface area by t-plot method,
Smeso: Mesopore surface area, Vi Total pore volume by single point method, Vmic:
Micropore volume by t-plot.

The total pore volume is obtained by the single-point method at a relative
pressure (P/Po) =0.99 and the micropore volume is calculated from the t-plot
method and the values are given in Table 6.1. Both micro and total pore volumes
are high in the CHPC-800 sample. It is well known that the type of porosity present
in electrode material plays a key role in charge transfer and electrolyte ion
diffusion. The higher amounts of either micropores or mesopores are not suitable
to obtain a high performance in SCs. Equal distribution of micro and meso porosity
is highly beneficial for charge accumulation and diffusion of electrolyte ions
through the pores. Therefore, the sample CHPC-800 is could be expected to deliver
high performance in SCs application.

The XRD patterns of CHPC-800 are shown in Fig. 6.3a. the sample is
exhibited less intensive broad diffraction peaks at 20 values around 23-24° and 43°
reflection from (002) and (001) planes of graphitic carbon (JCPDS card no. 41-
1487) and the peak broadening and less intensity suggesting the amorphous and
disordered nature of CHPC-800 [7,25]. The FTIR spectra (Fig. 6.3b) of CHPC-800
contain a series of peaks. The broad peak at ~3400 cm™ due to OH stretching, 2923
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cmt and 2853 cm™ are related to CH and CH_ bands. The peaks in the wavenumber
range from 1730 -1613 cm™ correspond to C=0 groups. The peak that appeared at
1588 cm is due to the stretching of an aromatic ring. The other peaks at 1404 cm"
1 and 1088 cm™ are assigned to the carboxyl group vibration and C-O group,
respectively. It is observed from the FTIR spectra of CHPC-800, that the presence
of oxygen functional groups (-OH, COOH, C=0) can increase the wettability of
the electrodes in the electrolyte solution thus contributing to high energy storage
[43].

(a) (b)

—— CHPC-800 — CHPC-800

Intensity (a.u.)
Transmittance (%)

10 20 30 40 50 60 500 1000 1500 2000 2500 3000 3500 4000
20 (degree) Wavenumber (cm™)

Figure 6.3 (a) XRD and (b) FTIR plots of CHPC-800.

The XPS studies were adopted to determine the surface elemental
functionalities and bonding configuration. The survey spectrum of CHPC-800
depicts the characteristic peaks of C 1s (87.35%) and O 1s (12.65%) at binding
energies of 284.8 eV and 532.8 eV, respectively (Fig. 6.4a). The high-resolution C
1s spectrum shown in Fig. 6.4b, is deconvoluted into four peaks located at 284.6,
285.6, 286.7 and 289.2 eV are assigned to C=C, C-C, C-O and C=0, respectively
[44]. The O1s spectrum shown in Fig. 6.4c is fitted into two peaks centred at the
binding energies of 531.7 eV and 533.1 eV, which are attributed to the C=0
(oxygen in carbonyl and Quinone group) and C-O (oxygen in ester and hydroxyl
group), respectively [6]. The existence of carbon-oxygen functional groups plays
a major role in enhancing the surface wettability of the electrodes and also
contributes an additional pseudo capacitance by participating in faradaic reaction
at the electrode/electrolyte interface [28,45,46].
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Figure 6.4 (a) XPS spectra of CHPC-800, (b) High-resolution XPS spectra of
CHPC-800: (b) C 1s, and (c) O 1s.

The electrochemical properties evaluation is carried out for CHPC-600,
CHPC-700 and CHPC-800 using CV, GCD and EIS. The CV curves obtained at a
scan rate of 10 mV/s are shown in Fig. 6.5a. CHPC-800 exhibited a nearly shape
CV curve indicating the dominating EDLC behaviour in the samples [47]. In all
the CHPC samples, it is noticed a small hump at the lower potentials indicating the
additional pseudocapacitance commenced from the presence of oxygen
functionalities as we have seen in FTIR and XPS spectra [46]. A larger CV area is
an indication of a high specific capacitance of the CHPC-800 material. Figure 6.5b
shows the CV curves of CHPC-800at various scan rates, respectively. At higher
scan rates, we observe a deviation in the cv curves and which were become more
of like ovel shape. The deviation in the curves from rectangular to ovel shape is
due to the insufficient time for the electrolyte ions to diffuse through the pores.
Moreover, the micro pores present in the sample are not accessible to the
electrolyte ions at high scan rate increasing the electrode resistance. Hence, we

observed a deviation in the CV curved with increase in scan rate.
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Figure 6.5 (a) CV curves of CHPCs at a scan rate of 10 mV/s, (b) CV curves of
CHPC-800 at different scan rates.
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The GCD graphs of CHPC-600, CHPC-700 and CHPC-700 at a current
density of 1 A/g are shown in Fig. 6.6a. the typical triangular shape GCD curve is
observed in all CHPC samples. CHPC-800 based SCs device exhibited higher
discharge time than other samples, showing the enhanced charge storage in CHPC-
800. The calculated specific capacitance value is 133.3 F/g for CHPC-800 at a
current density of 1 A/g. The capacitance obtained for the CHPC-800 is higher and
comparable with the reported results based on biomass-derived carbons in SSC
(Table 6.2). Further, the rate capability studies are carried out at higher current
densities (Fig. 6.6b-d). CHPC-800 can charge and discharge at a high current
density of 10 A/g. The enhanced performance of CHPC-800 is attributed to the
increased surface area of the sample and equally distributed micro and meso
porosity. Generally, electrolyte ions diffuse through the pores of the electrode
material which results in increased energy density and capacitive performance. At
high current densities, most of the micropores are inaccessible and ions are diffuse
through mesopores only. From Fig. 6.6e, it is noticed that CHPC-800 has retained
79% of initial capacitance at a current density of 10 A/g. This increase in rate
capability is due to the sufficient amount of meso porosity present in the CHPC-
800. The specific energy and the specific power are the two important parameters
of the device to analyse the potential utilization for energy storage. The Eq and Pqg
values obtained from GCD curves of CHPC-800 are plotted in Fig. 6.6f. High
specific energy of 17.09 Wh/kg at 960 W/kg for CHPC-800. Even at a high specific
power of 5885 W/kg, the specific energy is remaining a high value of 5 Wh/kg.
This result reveals the fast diffusion of electrolyte ions due to the presence of open

mesopores and the high surface area of electrode material.
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Figure 6.6 (a) GCD curves of CHPCs at a current density of 1 A/g, GCD curves
at various current densities: (b) CHPC-600, (c) CHPC-700, (d) CHPC-800, and
(e) change in specific capacitance with current density for CHPCs and (f) Ragone
plot of CHPC-800.

The capacitive performance and charge transfer kinetics of the electrode
materials are further analysed using EIS studies. The Nyquist plots of CHPC
samples are shown in Fig. 6.7a. All the samples have shown a semi-circle in low
high frequency region and straight line in low frequency region. The semi-circle

corresponds to the series resistance and charge transfer resistance and straight line
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region corresponds to the double layer capacitance behaviour of the material [23].
In high-frequency region, a semicircle with a 45° angle slope suggests the
combination of charge transfer and ion diffusion behaviour of the SC [11]. The
intercept of Nyquist plot on the x-axis at high-frequency region represents the
equivalent series resistance (Rs) and the diameter of the semicircle is corresponding
to the charge transfer resistance (Rct) of the samples [11,43]. All the samples have
shown lower Rs. It can be seen that the shorter diameter of semicircle for CHPC-
800 reveals the low R than CHPC-600 and CHPC-700 which further confirms the better

electrochemical performance of the sample.

(a) (b)

15 —a— CHPC-600 100 [, = —o— CHPC-800
CHPC-700 RPPRIR
—o— CHPC-800

>
12 F
S ]

299259 o
2 “\b 52 20 f

3k 9 g
o
Vv
0ml L L L L 1 1 0 1 L 1 1

0 3 6 9 12 15 18 21 24 27 30 0 1000 2000 3000 4000 5000

93.5%
80 |

60 |

40 |

Capacitance retention (%)

7' (Q) Cycle number

Figure 6.7 (a) Nyquist plots of CHPCs and (b) Cycling stability of CHPC-800 at
a current density of 5 A/g, A series-connected three supercapacitor devices
charging with regulated power supply: (c)before LED glow, and (d) green LED
glowing.

Further, the cycling stability studies are also performed for CHPC-800, to evaluate
the long-term durability of the electrode materials. The cycling stability is obtained from
GCD curves for 4500 cycles at a current density of 1 A/g. the Specific capacitance
retention (%) is plotted with increasing cycles as given in Fig. 6.7b. The CHPC-800

sample has shown 93.5% of its initial capacitance after 4500 charge-discharge cycles.
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Finally, to prove the potential application of porous carbon for energy storage, A
three cell SSC device is fabricated to lighten the LED. To increase the overall
voltage of the SSC device, three cells are connected in series and charged with a
3V DC power supply shown in Fig. 6.7c&d. The SSC device successfully lights
up the green LED after charging for 1 min. On the basis above results, we can believe
that the CHPC-800 could be one of the best electrode materials for SC.

Table 6.2 Electrochemical performance comparison of porous carbons derived
from various biomass/biowastes in symmetric supercapacitor.

Precursor Activating SSZA Electrolyte & Capacitance Ref.
agent m?/g Voltage
Hibiscus
sabdariffa 1:1 (KOH) 1720 0.5 M Na,SO, 29 F/g at 0.5 Alg [5]
fruits
Ma”r?eoesltee” 1:35 (NaOH) 2623 I M LizSO4 76.8 F/g at 1 Alg [7]
Onion 1:4 (KOH) 3150 3 M KNO3 158 F/g at 0.5 A/g [20]
Rice straw 1:3 (KOH) 1007 1 M H3S04 156 F/g at 0.5 Alg [23]
Corn silk 1:4 (KOH) 2285 6 M KOH 160 F/g at 1 Alg [25]
Fish seed 1:3 (KOH) 3232 6 M KOH 250 F/g at 1 Alg [28]
B“%‘E"S"L‘e"’“ 1:2 (KOH) 2794 6 M KOH 75 Flg at 1 Alg [39]
ardenia
Jasminoides 1 M KOH 1637 6 M KOH 153 F/g at 0.5 Alg [43]
Ellis
'ixsisdejg 1:4 (KOH) 3230 6 M KOH 76 Flg at 0.5 Alg [46]
Nettle leaf 1:4 (KOH) 1951 EMIM BF, 163 F/g at 0.5 Alg [48]
Waste tea 1:2 (HsPO4) 1130 6 M KOH 89.3F/gatl Alg [49]
American .
poplar fruits 1:2 (KOH) 942 6 M KOH 58.71F/gat1 Alg [50]
Corn husk 1:4 (KOH) 1583 6 M KOH 133.3F/gat1 Alg Present work

6.3 Conclusions

In summary, porous carbons are synthesised using biowaste corn husk as
raw material. The activation temperature is optimized to improve the surface area
and get the balance between the micro and mesopores. The FESEM and N
adsorption-desorption studies revealed the formation of both micro and mesopores
in the sample activated using KOH at 800 °C. With the combination of micro and
mesopores, CHPC-800 possessed a large specific surface area of 1583 m?/g. The
existence of oxygen functional groups in the CHPC-800 is confirmed from the
FITR and XPS results which increases the surface wettability and contributes
additional pseudocapacitance. As obtained CHPC-800 delivered a high specific
capacitance of 133.3 F/g at 1 A/g with 93.5% capacitance reattained after 4500
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GCD cycles. With the above-mentioned prominent features, CHPC-800 could be

a prominent electrode material for SC.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

In this chapter summary and conclusions of the current thesis work are presented.
The scope for future work in order to expand in the field of research work has also been
suggested.

7.1 Summary of the thesis work

We have successfully developed electrode materials with good electrochemical
properties by following a low cost, and easy synthesis processes. Improved specific
capacitance and cycling stability are achieved for the polyaniline-reduced graphene oxide

composite materials. The overall summary of the thesis work is given in below table 7.1.

Table 7.1 Summary of the thesis work.

S. Materials Synthesis method Specific Cyclic
No. capacitance stability
(%)
1 Polyaniline/reduced in-situ 299 F/g at 0.5 Alg 88% for
graphene oxide polymerization 2000 cycles
(PRGO2) followed by
hydrothermal
reduction
2 Polyaniline/N- hydrothermal 322 F/gat1 Alg 93% for
doped reduced reduction followed 1000 cycles
graphene oxide by in-situ
(PANI/N-rGO) polymerization
3 NSA-Polyaniline/ hydrothermal 348 F/lgat 1 Alg 89% for
S-doped reduced reduction followed 2500 cycles
graphene oxide by in-situ
(SPANI/S-rGO10) polymerization
4 CHPC-800 carbonization 133 F/gat1 Alg | 93.5% after
followed by 4500 cycles
chemical activation

7.2 Conclusions
The conclusions derived from the thesis work performed on PANI/rGO based
composites and porous carbon electrode materials for supercapacitors are given below:
% The GO is successfully synthesized using a modified Hummer’s method. Various
characterization studies (XRD, FTIR, Raman, and XPS) are conducted to confirm
the GO formation.
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polyaniline-reduced graphene oxide composites (PRGO) were synthesized using in-
situ polymerization followed by low-temperature hydrothermal treatment with
different weight ratios of GO to Aniline (1 wt.% (1:100), 2 wt.% (1:50), 4 wt.%
(1:25)).

The XRD results revealed that the successful reduction of GO by hydrothermal
treatment and PANI nanostructures were firmly settled on the surface of the graphene
sheets and retained their crystal structures.

Surface morphologies studies conducted by FESEM have shown that the formation
of densely packed nanoclusters over the surface of graphene layers and higher weight
ratio of GO (PRGO4) leads to more densely packed structures which restrict the
surface area accessible for the electrolyte ions.

From the FTIR and Raman studies, it is confirmed a strong interfacial interaction
between graphene layers and PANI chains which facilitates high electron transport
and enhances electrochemical properties of composite materials.

XPS spectra of pristine PANI and PRGO2 composites having peaks corresponding
to Cls, N 1s, O 1s, and CI 2p. Further, the deconvoluted C1s spectra of PRGO2
showed the higher oxygen functionalities (O-C=0) present PRGO2 composite
indicating the interaction of imine groups of PANI with the oxygen functional groups
of GO in the composites.

Further, we obtained a high electrical conductivity for PRGO2 (c=4.81 S/cm)
compared to PRGO1 (c=1.33 S/cm), and PRGO4 (c=3.83 S/cm), pristine rcGO

(6=0.22 S/cm) and pure PANI (6=0.89 S/cm) samples. This is owing to the strong
n-n stacking between the PANI nanostructures and graphene layers and better
morphology of the PRGO2 composite.

The CV curves of PANI, PRGO1, PRGO2, and PRGO4 composites are having two
pairs of redox peaks with rectangular shape indicating the conversion of
Leucoemeraldine base to Emeraldine salt and Emeraldine salt to Pernigraniline base
forms of PANI by redox reaction. Higher area under the curve is observed for PRGO2
composite confirming the higher specific capacitance of the electrode materials.
From the GCD studies, PRGO composite with 2 wt.% of GO based electrode material
has delivered maximum specific capacitance of 299 F/g at a current density of 0.5
Alg. Besides, this composite has shown good rate capability and capacitance

retention (88%) at a current density of 2 A/g after 2000 charge-discharge cycles. The

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 158



X/
L X4

X/
L X4

X/
°

X/
°

CHAPTER 7

enhanced electrochemical properties of PRGO2 composite are owing to high
interfacial contact due to the densely packed structure.

A robust and simple chemical method is followed for the synthesis of PANI/N-rGO
composite where N-rGO is used as a supportive network for the growth of PANI
nanostructures using in-situ polymerization.

N-doping is carried out by hydrothermal treatment where urea is used as reducing
agent as well as an N source.

N-doping into graphene network is confirmed by FTIR, Raman, and XPS studies. A
new peak at 1290 cm™* responsible for C-N stretching vibration, is observed from the
FTIR spectra, a well-defined N 1s (399.5 eV) peak is also appeared along with the C
15 (285.5eV) and O 1s (533.5 eV) peaks in the XPS survey spectrum of N-rGO, and
higher value of Ip/lg ratio from Raman studies elucidates doping of N atoms into
graphene lattice by disrupting the sp2 bonds of carbon atoms.

FESEM and BET studies revealed that the PANI/N-rGO possessed longer length
interconnected PANI nanostructures, which result in a higher surface area (82.80
m?/g) compared to PANI/rGO ((59.21 m?/g) and PANI (26.62 m?/g).

FTIR studies revealed the presence of various functional groups corresponding to
PANI in its conductive emeraldine form. The shift in the main peaks of benzenoid
and quinonoid rings of PANI in PANI/N-rGO indicates the strong interfacial
interaction of the polymer chain with the graphene network.

From the Raman results, it is found that PANI/N-rGO is having high intensity peak
at 573 cm™* corresponding to the phenazine type or the existence of the crosslinking
structure, indicating the formation of more crosslinking networks between PANI and
N-rGO sheets. due to the presence of N atoms in N-rGO, which is also supported by
the XPS results, where the higher concentration of azane-type N is observed for
PANI/N-rGO composite compared to PANI/rGO and pristine PANI.
Electrochemical properties evaluated in symmetrical supercapacitor configuration
also have shown enhanced capacitive performance for PANI/N-rGO.

From the GCD studies, a maximum specific capacitance of 322 F/g is achieved for
PANI/N-rGO composite at 1 A/g which is higher than PANI/rGO and PANI.
Further, PANI/N-rGO composite possessed high cycling stability (93%) over 1000
cycles, which is attributed to the higher specific surface area, existence of strong
cross linking between PANI and N-rGO which facilitates better electron transport

within the electrode material.
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Furthermore, flexible supercapacitors assembled by PANI/N-rGO composite
electrodes have offered good flexibility over a wide range of bending angles (0 °C —
~170 °C).

S-doping into graphene lattice is successfully carried out by following simple
hydrothermal method where NaxS is used as S source.

Reduction of GO and S-doping is confirmed by performing XRD, FTIR, Raman, and
XPS studies.

The XPS survey spectra of S-rGO contain peaks related to S 2p in addition to C 1s
and O 1s peaks confirming the successful doping of Sulphur spaces in the graphene
network.

A well-aligned grown sulfonic acid doped PANI nanostructures on S-rGO
(SPANI/S-rGO) composites are prepared by following a simple in-situ
polymerization method where NSA is used as a dopant for PANI.

The effect of different wt.% of S-rGO (5%, 10%,15%, and 20%) on the structural,
morphology, and electrochemical performance of SPANI/S-rGO composites is
evaluated.

From the XRD plots of SPANI/S-rGO composites, it is noticed that the intensity of
diffraction peak at 25° is increased with increasing concentration of S-rGO,
indicating the successful incorporation of S-rGO nanosheets.

FTIR studies conformed the sulfonic acid doping into PANI and the existence of
PANI in its conductive emeraldine form. Further, we found an increase in the
intensity ratio of lo/lg with the increasing wt.% of S-rGO indicating the presence of
high number of quinoid rings in the composite. The increase in quinoid rings in
SPANI/S-rGO composites suggests the formation of a week charge transfer complex
between SPANI and S-rGO layers during polymerization where aniline loses an
electron to the S-rGO layers. Due to the formation of charge-transfer complex in
PANI/S-rGO composite, S-rGO can also act as a dopant to the PANI which leads to
increase in electrical conductivity, and hence, we observe an improved
electrochemical performance.

FESEM studies revealed the growth of well-aligned SPANI nanostructures on S-rGO
sheets. For PANI/S-rGO10 (10 wt.% of S-rGO), growth is more prominent,
indicating the better morphology of the composite. Further, it is also noticed that an
increase in wt.% of S-rGO to 15% and 20% lead to overlapping of PANI

nanostructures with S-rGO which restricts the electroactive surface area accessible

NATIONAL INSTITUTE OF TECHNOLOGY WARANGAL-506004, TELANGANA, INDIA 160



X/
L X4

X/
L X4

X/
L X4

X/
°

X/
°

CHAPTER 7

for electrolyte ions. The well-aligned nanostructures of SPANI/S-rGO10 composite
could result in high contact area for the electrolyte ions to diffuse and enhance the
charge transfer property of the material.

Flexible electrodes are prepared to study the electrochemical properties of the
composite material in a symmetrical configuration using Swagelok cell.

The CV curves show that the SPANI, SPANI/S-rGO composites exhibited two pairs
of redox peaks responsible for the transformation of PANI through its oxidation
states.

From the CV curves, it is found that with the incorporation of S-rGO in SPANI/S-
rGO composites, area covered by the CV curved is increased which indicates the
combined features of both PANI and S-rGO.

From the GCD curves, SPANI/S-rGO10 composite electrode delivered a maximum
specific capacitance of 348 F/g at a current density of 1 A/g in a symmetrical
supercapacitor and it is able to retain 68% of its initial capacitance at a current density
of 5 A/g whereas pure SPANI retained only 57% of its initial capacitance.

Further, SPANI/S-rGO composite electrode possessed impressive cyclic stability of
89 % after 2500 cycles at a current density of 2 A/g.

The enhanced performance of SPANI/S-rGO10 is attributed to the optimum loading
of S-rGO in designing binary composite and well-aligned growth of SPANI
nanostructures on S-rGO sheets. This offers strong interfacial interaction between
SPANI nanostructures and S-rGO sheets thus lowering the charge transfer resistance
(0.91Q).

Porous carbons are successfully synthesized from nature-abundant biowaste of corn
husk via carbonization and chemical activation process.

The activation temperature is optimized to improve the surface area and get a balance
between the micro and mesopores.

Surface morphology studies carried out by FESEM revealed the existence of high
porosity in the CHPC-800 sample compared to CHPC-600 and CHPC-700.

The N2 adsorption-desorption studies revealed that CHPC-800 possessed a high
specific surface area of 1583 m?/g along with micro and mesoporosity.

The FTIR and XPS results revealed the presence of surface oxygen functional groups
attached to the carbon network which can improve the surface wettability of the

electrodes.
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« In a symmetrical supercapacitor, CHPC-800 electrode material has delivered a
maximum specific capacitance of 133 F/g at a current density of 1 A/g.
¢+ Further, CHPC-800 also showed good cyclic stability, with 93% of capacitance
retention after 4500 charge-discharge cycles at a current density of 5 A/g. The
improved performance of CHPC-800 is attributed to the combination of both high
surface area and porous structure of the material.
¢+ Further, a LED was successfully driven with the series-connected SSC device made
by CHPC-800 electrodes.
7.3 Scope for the future work
In the present work, some of the important features of PANI/rGO based composite
materials have been addressed via a detailed study of their synthesis, structural, and
electrochemical properties for supercapacitor electrodes. Other 2D materials such as
MXenes, Metal chalcogenides, etc., can be explored for the preparation of binary and
ternary composites to further improve the performance of supercapacitors. Further,
natural abundant porous carbons are also developed and explored their properties for
supercapacitor. These porous carbons can also be used as a supporting network to grow
PANI nanostructures by developing (PANI-porous carbon) composites and studying their

electrochemical properties for supercapacitors.
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