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11 Energy storage systems:

In the previous decade, increasing industrialization, the human population and
degradation of environment, as well as the depletion of fossil resources, have become
the biggest pressing issues for both current and next generations [1]. Additionally, in a
global ecology, natural resources are limited. To address these problems, there is a
pressing necessity for development of secure and environmentally friendly renewable
energy sources [2, 3]. In the past few years, renewable energy sources including solar,
wind, and hydropower have become increasingly advantageous for the conversion of
energy systems. It is more important to use these renewable energy sources to
continuously produce energy rather than relying on fossil fuels. But the main
drawback is that these resources are unreliable. Energy storage is a vital component
that can help solve the issues. This accelerates research in the energy storage field
involving academics and company to produce an electricity storage device.
Furthermore, inexpensive, portable, lightweight, and high performance energy storage
devices are essential needs to satisfy the demands for energy of the next generation.
The energy storage device known as the supercapacitor (ultracapacitor) offers
significant potential for use in a variety of applications [4-6]. Due to its useful
characteristics including enhanced cycle stability, a quick charge-discharge process,
and high power density, supercapacitors are used in a variety of applications,
including hybrid automobiles, memory backup systems, and portable electronic
gadgets [7, 8]. Like batteries, it can store and distribute electrical energy, however,
they use a variety of electrochemical processes. Energy storage system performance
may be described in relation of energy and power density.

The Ragone plot as seen in Fig. 1.1 showing the "charge” times for various
energy storage and combustion devices. The different materials that are available for
the manufacture of various energy storage device components, including as an
electrode, electrolytes, materials for packaging, and manufacturing processes, are
some of the crucial factors that affect the device costs. In order to alter manufacturing
processes, boost energy storage capacity, and improve electrochemical stability,
several electrode materials have been thoroughly investigated. The choice of
electrolyte has an impact on the stability and charge storage capacity of electrode
materials. Researchers have mostly concentrated on developing cheap, non-toxic

electrode materials [9].
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Fig. 1.1: Ragone plot for several energy storage and combustion devices along with

their "charge™ periods [10].

An suitable, flexible energy storage device with a long lifetime is needed for
the growing uses of lightweight and portable electronics. For energy storage devices,
supercapacitors and lithium-ion batteries (LIBs) are useful in portable electronics.
They both hold energy in distinct ways, the first stores energy by bulk redox
processes, whereas the latter stores energy through electrostatic reactions (for carbon
materials) or reversible redox reactions at the electrode surface (transition metal
chalcogenides, oxides, and conducting polymers) [11, 12].

Supercapacitors play a crucial role in the Ragone plot since they bridge the
gap among batteries and traditional capacitors. Compared to regular capacitors, they
have a higher energy density and greater power capacity. They have a greater power
density and can deliver a substantial amount of energy. They also exceed batteries in
terms of stability and have higher capacitance compared to traditional capacitors and
lower equivalent series resistance (Rs). Hence supercapacitors offer a viable solution

for more functioning electronics to meet rising power demands [13].

1.2. Supercapacitors:
1.2.1 Basic working principle:

A supercapacitor stores energy by forming an electric double-layer at the

electrode/electrolyte interface, in contrast to a typical capacitor, which stores energy

2
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over electrode surfaces separated by a dielectric substance. The schematic of an
electrochemical capacitor is displayed in Fig. 1.2. The specific capacitance (Cs) of
supercapacitor devices is primarily influenced by the electrode plates specific surface
area as well as the spacing across the two plates. The electrochemical capacitors

capacitance is determined using the formula,

€A
c=% (1.1)

where, ‘C’ is the capacitance of electrochemical capacitor, ‘€’ is dielectric
constant of the vacuum, ‘A’ denotes the specific surface area of the active electrodes,
and ‘d’ is spacing. The following formulas can be used to calculate the specific

energy (Se) and specific power (Sp) of electrochemical capacitors:

g = LV (1.2), and

7.2

_ 3600 XSg

Sp ;

(1.3)

where ‘Cs’ stands for specific capacitance, ‘V’ is a supercapacitor potential

window, and ‘t” stands for discharge time.

- Electrodes

Electrolyte

| Electrolyte
ions

Separator

Electric Double Layer

Fig. 1.2: Schematic of an electrochemical capacitor.
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1.2.2 Taxonomy of supercapacitor:

Taxonomy of supercapacitor are classified into three primary groups based on
the material and charge storage process used: electrochemical double layer capacitors
(EDLC), faradic capacitors (also known as pseudocapacitors), and hybrid capacitors.
In order to achieve exceptional charge storage capacity, the electrode materials must
meet several requirements, including low synthesis cost, environmental friendliness,
high electrical conductivity, chemical and thermal stability within the electrolyte, and
a large specific surface area with appropriate pore size for electrochemical redox
reactions.

Carbon-based materials are commonly used for EDLC type supercapacitor due
to their thermal and chemical stability, as well as excellent conductivity.
Pseudocapacitive materials, including conducting polymers, and metal hydroxides,
nitrides, chalcogenides, carbides, silicates are used as pseudocapacitors because to
their reversible redox processes and capacity of storing higher charges than EDLC
materials [14, 15]. Chart 1.1 depicts the categorization of supercapacitors into

various types and subtypes.

Supercapacitor
! l
EDLC capacitors Pseudocapacitors
Charge storage : Electrostatically l Charge storage : Electrochemically
Hybrid Capacitors
Charge storage : Electrochemically .
— Activated Carbons and Electrostatically Conducting
_ Polymers
Asymmetric Hybrid
ﬂ Carbon Nanotubes
; Metal Oxides
_4 Graphene Composite Hybrid

Chart 1.1: Supercapacitors classification with several types and subtypes.
1.2.2.1 Electrochemical double layer capacitors (EDLCs):

An electrochemical capacitor known as an EDLC stores charges at the
electrode/electrolyte interface, causing it to store charges non-faradically. In addition

to having a higher power capacity than batteries, they are also very promising
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possibilities with an extended charge/discharge life due to their effectively reversible
charge storage and release mechanism. In order to get high performance electrode
material, a great deal of research has been done on carbon allotropes like carbon
aerogels, activated carbons, graphene, graphite paper, graphene oxide (GO), reduced
graphene oxide (rGO), and carbon nanotubes increased thermal and electrochemical
stability, as well as better conductivity, across the board in electrolytes. Increased Cs
compared to traditional capacitors can be achieved because both electrodes employ
double-layer charge storage. In EDLC supercapacitors, carbon-based materials with
significantly larger surface area (up to 3000 m? g!) and very thin double layer
thicknesses, as opposed to traditional capacitors that use electrode distance [16, 17].

The charge storing mechanism of EDLC is shown in Fig. 1.3a.
1.2.2.2 Pseudocapacitors:

Pseudocapacitor is another type of supercapacitors. Pseudocapacitors store
energy via transferring charges between electrode and electrolyte through quick,
reversible surface redox processes. The pseudocapacitor schematic with a redox
process is shown in Fig. 1.3b. The surfaces of pseudocapacitive electrodes undergo
oxidation and reduction when a voltage is applied. In order to store higher charges
and energy, supercapacitors primarily employ pseudocapacitive materials.
Pseudocapacitive materials are crucial for attaining high Se and Sp, which is the
primary goal of recent energy storage systems. There are two types of

pseudocapacitive materials such as conducting polymers and metal oxides.
1.2.2.3 Hybrid capacitors:

Carbon-based electrode materials are preferred for EDLCs because to
their greater surface area compared to pseudocapacitive materials. The EDLCs have
less Se and a comparatively smaller Cs. In contrast to EDLCs, the pseudocapacitor has
a higher Sg; nevertheless, it is not as stable because of its redox processes and has
several drawbacks, including electrical conductivity and lower Sp. The development
of a new supercapacitor type known as hybrid capacitors allowed for the minimising
of the drawbacks of EDLCs and pseudocapacitors. Combining EDLC and
pseudocapacitor materials, the hybrid capacitor stores charges by both redox and
electrostatic processes [18-20]. The charge storing mechanism of hybrid capacitor is

shown in Fig. 1.3c. High capacitance pseudocapacitive or faradic electrodes in hybrid
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capacitor systems yield high Sg, whereas larger Sp are achieved possible by the
electrostatic EDLC electrode. Hybrid capacitor offer superior capacitance, cyclic
stability, Se and Sp in comparison to EDLCs and pseudocapacitors. Researchers are
trying to produce new hybrid electrode materials for supercapacitors with a significant
Cs, electrochemical stability, Se and Sp. etc. Combining the advantages of different
materials to form composites should be an effective approach to optimizing each

component for enhancing their supercapacitor performance.

a) EDLC b) Pseudocapacitor
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Fig. 1.3: Schematic of charge storage mechanisms a) EDLC, b) pseudocapacitor, and
c) hybrid capacitor.

1.3 Electrode materials for supercapacitors:

It is well known that the performance and characteristics of supercapacitors
are significantly influenced by the electrode materials used. In order to fabricate
excellent performance supercapacitors, the following are essential requirements for
electrode material:

e To obtain the highest Cs use a high specific surface area.
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e lon intercalation may be easily facilitated by controlled porosity.

e Non-toxic and inexpensive materials are required. To enhance electrochemical
performance, a number of active sites is needed.

e Excellent electrical conductivity is necessary for Sp and rate capabilities.

e An easy and inexpensive synthesis method for the production of electrodes.
1.3.1 Carbon-based materials:

Carbon-based materials are ideal for electrochemical energy storage due to
their distinct physical and chemical features. These features include a broad
availability of the electrochemically active sites, great chemical stability, superior
corrosion resistance, outstanding electric conductivity, huge specific surface area, and
tunable pore size [21]. To improve the supercapacitive characteristics of EDLCs,
electrode materials based on carbon, such as carbon aerogel, carbon nanotubes, and

activated carbon, are regularly utilized.
1.3.1.1 Activated carbon (AC):

Activated carbons (ACs) are commonly used in supercapacitor electrodes due to
their enormous surface area (>1000 m? g?), chemical stability, superior electrical
conductivity, and low prices [22]. For the production of ACs, a variety of
carbonaceous materials can be utilised as precursors, such as wood, coal, nutshells,
and charcoal. ACs are produced from low porosity materials by the use of appropriate
activation techniques, such as physical, chemical, and hybrid activation. The ACs
improves supercapacitor performance by controlling surface area, pore distribution,
pore length, and size [23]. Although capacitance is affected by surface area, the
experimental results indicate that ACs whole surface area is not contributing to the

device capacitance.
1.3.1.2 Carbon nanotubes (CNTSs):

Carbon nanotubes (CNTs) are cylindrical hollow nanostructures made up of
carbon allotropes. The synthesis of supercapacitor electrodes has attracted special
attention to CNTs because of their exceptional qualities, which include high
conductivity, strong thermal and chemical stability, highly pores structures, etc. Due

to their unique open tubular shape, high aspect ratio, and exceptional mechanical
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stability, CNTs provide good substrates for other materials. Research on CNTs have
shown interest for replacing carbon electrodes in a number of applications, including
supercapacitors, sensors, batteries, hydrogen storage, and semiconductors. There are
three types of carbon nanotubes: multi-walled (MWNTSs), single-walled (SWNTSs),
and double-walled (DWNTs). CNTs are commonly employed as electrode materials
in high Sp devices due to their relatively low resistance [24, 25]. There are several
ways of producing CNTSs, including chemical vapour deposition (CVD), arc
discharge, and laser ablation. CNTs frequently serve as electrodes in supercapacitors

due to their reduced Rs compared to AC electrodes, resulting in Se and Sp [26].
1.3.1.3 Graphene:

In emerging materials, the two-dimensional and sp? hybridized carbon material
known as graphene has emerged as a promising choice for supercapacitor electrode
material. This is because graphene sheets have a huge accessible surface area (2630
m? g!), facilitating large double-layer capacitance. In addition, covalent sp? bonds
between carbon atoms have a unique physical structure that promotes high electrical
conductivity, which significantly lowers resistance of material [27, 28]. In practical
applications, rGO is typically another choice for graphene. The structure of rGO
changes due to small changes in reduction methods. However, GO sheets have
reduced electrical conductivity due to increased disorder and oxygen containing
groups [29]. Graphene is a very attractive material because of its rapid electron
transfer kinetics, wide surface area, and extended stability when compared to other
carbon-based materials like AC and CNTs [30]. To achieve superior electrochemical
performance, special focus has been given to improving extremely efficient graphene

methods for production.
1.3.2 Pseudocapacitive materials:

Pseudocapacitive materials gained importance because to their high Sg, Cs, and
quick, reversible faradic reactions. Supercapacitors primarily uses pseudocapacitive
materials to store larger amounts of charges. Pseudocapacitance is the term used to
describe these materials ability to retain charge through rapidly reversible redox
processes at the electrode surface. In comparison to batteries, these pseudocapacitive
materials undergo redox processes more quickly. There are two types of

pseudocapacitive materials: conducting polymers and metal oxides.
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1.3.2.1 Conducting polymers (CPs):

Since conducting polymers (CPs) have a large voltage window, large pores,
and excellent conductivity, they are suitable electrode materials for supercapacitors
[31, 32]. Redox processes take place both on the surface and within conducting
materials. lons are absorbed from the electrolyte to polymer surfaces during charging
and released upon discharge. Due to the lack of phase transition in CPs, redox
processes are extremely reversible. CPs get positively or negatively charged during
oxidation or reduction processes, which causes them to exhibit conducting behaviour.
These oxidation and reduction reactions are commonly referred to as doping. CPs
only have conductive properties when they are doped. In supercapacitor electrode
materials, polyaniline (PANI) [33], polypyrrole (Ppy) [34], and polythiophene (PT)
[35] are the most often utilized CPs. An ideal working potential window is crucial for
polymers. Improper potential windows cause CPs to deteriorate and decrease in
conductivity. Consequently, optimal supercapacitor performance of CPs depends

greatly on potential range.
1.3.2.2 Metal oxides:

Metal oxides have a high Cs, a high Sg, and improved cycle stability, making
them appealing and viable electrode materials for supercapacitors. Metal oxides can
have many oxidation states within a single phase. Metal oxides can change their state
of oxidation during the charging and discharging process, allowing for ion
intercalation and deintercalation in the active material. Transition metal oxides,
including manganese dioxide (MnO3) [36], tungsten trioxide (WQOz) [37], ruthenium
oxide (RuOz2) [38], vanadium pentoxide (V20s) [39], and cobalt oxide (Co304) [40],
have been evaluated as electrode materials for supercapacitors. Among them, RuO: is
one of these transition metal oxides that is commonly used as the active electrode
material in supercapacitors because of its excellent electrical conductivity, broad
potential window, and large theoretical Cs [41, 42]. Nevertheless, ruthenium

precursors are too costly and hazardous to be used further for commercial purposes.

1.4 Literature review:

The remarkable physical and electrical features of CPs have garnered

significant interest for their potential uses in optoelectronic, optical, and electronic
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devices [43]. Recently, CPs are considered as promising electrode materials due to
their large surface area, relatively low resistance, stability, and other unique features.
Typically, polymers form three-dimensional structures with significant porosity and
roughness. This provides a huge surface area that is ideal for accelerating the
electrochemical process. The PANI and Ppy are the excellent materials among CPs
and have been studied recently due to its strong environmental stability, various redox
states, and a significant doping dedoping rate during charging and discharging.
Furthermore, it is inexpensive and simple to produce into a variety of nanostructures
[44, 45]. Table 1.1 provides a literature review of PANI and Ppy electrode materials

for energy storage applications.
1.4.1 Literature review of conducting polymers:

CPs involve PANI, Ppy, and PT, have also been largely composited and
studied for supercapacitor applications due to their prominent energy storage
properties [46]. CPs have special and significant characteristics, especially the
capacity to transition between redox states and strong electrical conductivity like
metals. Here few reports describe preparation of CPs thin films using different
deposition methods. Table 1.1 summarizes the literature study on CPs electrode
materials for supercapacitor applications.

Soudagar et al. [47] reported PANI on the surface of stainless steel (SS)
prepared by chemical bath deposition (CBD) method and achieved a Cs of 670 F g~* at
a5 mV s “Iscan rate in a 1 M H2SOs electrolyte. Zhou et al. [48] reported PANI
electrode synthesized by microwave assisted chemical oxidative polymerization
method and exhibited a Cs of 1034 F g1. Zeng et al. [49] reported an templet free
chemical polymerization method to prepare PANI with a Cs of 584 F g~1. Anbalagan
and Sawant [50] reported porous PANI electrode and achieved a Cs of 662 F g~*. For
the synthesis of PANI nanofibers, Zhou et al. [51] reported a in-situ polymerization
method and exhibited a Cs of 636 F g™X. Hou et al. [52] reported deposition of PANI
by electrodeposition method, which exhibited a maximum Cs of 149.3 mF cm.
Chemical coprecipitation method for developing sea cucumber-shape of PANI on SS
substrate was reported by Sun et al. [53], and a Cs of 408 F g~* was achieved. Erdogan
et al. [54] reported PANI synthesized via electrodeposition method, which showed Cs

of 833 F g~L. Zhang et al. [55] reported that electropolymerization synthesized PANI,
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which showed Cs of 1342 C g~L. Lakshmi et al. [56] reported Cs of 106 F g~ for PANI
thin film synthesized using solar irradiation method. Mooss et al. [57] reported PANI
electrode on grafoil paper prepared by Chemical oxidation method, which exhibited
Cs of 523 F g~L. Bhalerao et al. [58] reported that chemical precipitation method for
synthesized Ppy electrode and exhibited Cs of 931 F g~X. Bo et al. [59] used the tube-
inversion method to produce Ppy thin films on a CC glass substrate. The Cs value for
the nanoparticles Ppy electrode was 328 F g~X. Zhao et al. [60] prepared nanowires
structure of Ppy using chemical oxidative polymerization method and achieved Cs of
420 F g~1. Wang et al. [61] reported Cs of 313 F g=* for Ppy electrode synthesized via
modified vapor phase polymerization method. Rajesh et al. [62] synthesized
cauliflower-like Ppy nanostructures with a Cs of 297 F g-X. Li and Yang [63] used
chemical oxidative polymerization method for preparation of Ppy on nickel foam with
Cs of 576 F g~L. Chen et al. [64] reported Ppy nanoparticles prepared through a simple
interfacial polymerization method, which exhibited Cs of 736.1 mF cm=2. Dubal et al.
[65] reported Cs of 604 F g=* of Ppy nanofibers thin film prepared by reactive template
route. Electrodeposition method for developing horn-like Ppy was reported by Sun et

al. [66], and a Cs of 420 mF cm=2was achieved.

Conclusions:

The literature survey shows that, different methods have been used to
synthesis several CPs materials. Electropolymerization produced the maximum Cs
value (1342 C g™1) for a PANI electrode in 1 M H2SO4 electrolyte [55].

11



Chapter |

Table 1.1: The literature review of conducting polymer thin films for supercapacitor application.

. . Surface Specific . Stability
Sr. . Potential Ref.
o Material Synthesis method Substrate morphology Electrolyte capacitance vty (%) o
' (Fg?h (cycles) '
Chemical bath -0.2t0 0.8 67
1 PANI deposition (CBD) SS Nanotubes 1M H2S04 670 V/SCE (5.00) 47
Microwave assisted .
2 | PANI | chemical oxidative cc | Homeycombilike |y 1 iso, | 1034 041010 2 | g
- nanosheet V/SCE (5,000)
polymerization
. Glassy
Templet free chemical -0.2t00.8 7
3 PANI polymerization ?grg)n Nanobelt 1 M H2SOq 584 VIAG/AGCI (2,000) 49
. 05M 0t0 0.8 60
4 PANI Polymerization GC Porous H.SO4 662 VIAG/AGCI (1,000) 50
: . . -0.2t0 0.8 83
5 PANI In-situ polymerization GC Nanofibers 1 M H2SOq 636 V/SCE (10,000) 51
. Graphite . 149.3 -0.5t00.5 93
6 PANI Electrodeposition paper Nanofibrous 1 M HCI mE cm2 \V/SCE (5,000) 52
Chemical Sea cucumber- -0.6t0 0.1 96
! PANI coprecipitation S5 shape 1 M Hz50, 408 V/Hg/Hg.SO4 | (5,000) 53
Ethaline
. : : - -0.5t0 0.6 87
8 PANI Electrodeposition Graphite Nanoparticles Ili%rlljliij 833 VIAg wire (10,000) 54
o R 4 -0.2t0 0.8 57
9 PANI Electropolymerization CC Formicary-like | 1M H.SO4 | 1342Cg VIAG/AGCI (2,000) 55
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10 PANI Solar irradiation I;I(;Jp?erciint?n Nanorod ?—'Iisl\gzt 106 '0'\2/ /tgcléo 1 %%O) 56
oxide (FTO) '
11 PANI Chemical oxidation | Grafoil paper Infgﬁgf‘gﬁg?g ?_'SS'\& 523 V/-|?|'g/|t—(|Jg(2).s4o4 (10?(?00) 57
12 Ppy Chemical precipitation Ni foam Spherical 3 M KOH 931 '0'\1/;58"55 (5’%%()) 58
13 Ppy Tube-inversion CcC Nanoparticles | 1 M H2SO4 328 V(} ;ZI%ZCI (3’%%0) 59
14 Ppy Ch;m;/cr?]le?i);i;?gr\:e Nickel foam Nanowires 1 M NazSOq4 420 '0'\2/ /tsoé); (89,(73690) 60
15 | Ppy MOd;gil‘;dm‘g?;;t%hnase SS foil Pore-rich | 1MNaSOs| 313 \9/2;7 A(\);ZI i 61
16 Ppy Electropolymerization SS Cauliflower 1 M H2SOq 297 \9 /i\;? A?g%:l ( 4’%%)0) 62
17 Ppy Ch;r(;iycr?]lecr)iéi;?éir\]/e Nickel foam Nanotubes 1M KCI 576 0%/}2((;)57 (1,%%)0) 63
18 1 Py p(!lr];?r?;?leg':lon Agals:(rj Nanoparticles | 1 M HCI 73?:}171[2 " v%%/c,)&;u (105,3500) 64
19 | Ppy Rea"“"reoltjetg“p'ate cc Nanofibers | 1M H,SO: | 604 v(} A"\%;)A'E;CI (1’%%)0) 65
20 Ppy Electrodeposition c((:)?trgr??;f)??c Horn-like 1 M NazSOq4 42&?5 \9 /2;(/) AOQSCI ( 4’%%0) 66
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1.4.2 Literature review of reduced graphene oxide/conducting polymers:

The surface morphology, Cs, stability values of several rGO based composite
CPs materials synthesized with different chemical methods and electrolyte solutions
are shown in Table 1.2. Ciplak et al. [67] prepared rGO-AuNPs/PANI composite
using in-situ polymerization method and achieved a Cs of 441 F g~1. Khawas et al.
[68] synthesized rGO/MnO2/PANI composite thin film using polymerization method
and achieved Cs of 762 F g in 1 M H.SOs electrolyte. Shabani-Nooshabadi and
Zahedi [69] prepared ERGO/PANI composite via electrodeposition method, which
showed Cs of 184 F g. Zheng et al. [70] developed MSG/PANI nano-arrays by in-
situ polymerization method and observed Cs of 912 F g . Using a hydrothermal
method, Chen et al. [71] created worm-like nanorods of PANI/fGO composite
electrode and achieved a Cs of 524 F g~ in 1 M H2SO. electrolyte. Vighnesha et al.
[72] studied -electrochemical performance of rGO/PANI composite electrode
deposited via chemical blending process which exhibited Cs of 72 F g*in 0.1 M HCI
electrolyte. For the synthesis of rGO/PANI, Liu et al. [73] reported a electrodeposition
method and achieved a Cs of 853 F g L. Liu et al. [74] synthesized H-NrGO/PANI
composite electrode via in-situ chemical oxidation polymerization method and
obtained 746 F g* Cs in 1 M H2SO.. Chen et al. [75] used co-electrodeposition
method for preparation of rGO/Ppy platelet-shaped with Cs of 411 mF cm™
Moyseowicz and Gryglewicz [76] used a hydrothermal method to produce Ppy/rGO,
with a Cs of 186 mAh g. Shu et al. [77] used electropolymerization method for
preparation of rGO-Ppy nodule-like morphology with Cs of 440 mF cm™2. Chen et al.
[78] synthesized rGO/Ppy by pulsed electrochemical on Ti foil which exhibited a Cs
of 419 mF cm™. Hao et al. [79] synthesized MoSz/Ppy-rGO on Ni foam by
hydrothermal method with Cs of 1942 F gt in 3 M KOH electrolyte. Alves et al. [80]
prepared Ppy/rGO via chronoamperometry method with Cs of 213 F g% in 1 M KCI
electrolyte. Zhang et al. [81] developed microspheres of GO/Carbon dots/Ppy, which
revealed Cs of 582 F g tin 1 M H2SO4 electrolyte.
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Table 1.2: The literature review of reduced graphene oxide (rGO)/conducting polymer composite thin films for supercapacitor

application.
- - Surface Specific : Stability

zg Material Synthesis method Substrate morphology Electrolyte capacitance F\)/\(/)itr?cri]gv?ll (%) RNeJ.

' (Fg?h (cycles) '
rGO- Sub-micron 01008 86

1 AUNPs/PA | In-situ polymerization SS olymeric 1 M H,SO 441 \ 67

N poly ppa?’ticles 250 VIAg/AGCI | (5,000)
Tubular
wiregrass

rGO/MnQOa/ o -0.2t0 0.8 75

2 PANI Polymerization GC ssepdhgeeriir;? 1 M H2SOq 762 VIAg/AGC! | (10,000) 68

cactus

. . -0.2t0 0.6 89

3 ERGO/PANI Electrodeposition GC Spherical 1 M H2SO4 184 VIAG/AGCI (1,000) 69
. o Nickel -0.2t0 0.8 89

4 MSG/PANI | In-situ polymerization foam Nano-arrays | 1 M HSO4 912 V/SCE (10,000) 70
Worm-like -0.2t0 0.7 81

5 PANI/rGO Hydrothermal SS nanorods 1 M H2SO4 524 \V/SCE (2,000) 71
: . -0.2t0 0.8 95

6 rGO/PANI Chemical blending SS Granular 0.1 M HCI 72 V/SCE (100) 72
. . -0.2t0 0.8 90

853 7

7 rGO/PANI Electrodeposition CcC Tiny granules | 1 M H>SOq4 VIAG/AGCI (8,000) 3
H-NrGO/ In-situ chemical Carbon -0.2t0 0.8 97

8 PANI oxidation current | Nanopores | 1 MHzS0. | 746 VISCE | (2000) | 4
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polymerization collector
9 rGO/Ppy Co-electrodeposition Ti Platelet-shaped | 1 M KCI 41 2 051005 80 75
mF cm V/SCE (5,000)
10 Ppy/rGO Hydrothermal i nasrﬁ)cr)]s;ir(t:?clles 1 M Hz50, m,i\fng'l \-/(/)|.‘|6§/|t‘(|)g(2)'82054 (2,95(?)0) 76
11 rGO-Ppy Electropolymerization - Nodule-like 1 M H2SOq mlfi(r)n‘z V(; ;\% /%&%CI (5,%20) 77
12 rGO/Ppy eleclfrltj)lsﬁgmical Tifoil Porous 1MKCI mlfrt?n'2 -O\E';/tgé); (1?)?630) 8
13 Mosrzélz)py- Hydrothermal Nf(i)(:ﬁl Cl:;gglsir&d 3 M KOH 1942 '0'\2/ /tgé)g (3;)%0) 79
amellas
14 Ppy/rGO Chronoamperometry ngt:rm Grar;lélriruznd 1 M KCI 213 \9/2;? A?gSCI - 80
15 ij)(/)(fsa}gt:)(;/n In-situ polymerization NSL(;ﬁI Microspheres | 1 M HxSO4 582 '0\'/2/St()cg'8 (591(2)'090) 81

AuUNPs: Gold nanoparticles, MnO.: Manganese dioxide, ERGO: Electrochemical reduced graphene oxide, MSG: Multi-growth site graphene, H-

NrGO: Holey nitrogen-doped reduced graphene oxide, MoSz: Molybdenum disulfide, Ti: Titanium.
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Conclusions:

A brief overview of current research on rGO composites with CPs is given in
this literature review. In a 3 M KOH electrolyte, MoS,/Ppy-rGO thin film over nickel
foam produced by a hydrothermal method showed a maximum Cs of 1942 F g~ [79].
These results reveal that, in comparison to pristine CPs thin films, rGO composited

CPs thin films show better Cs and cyclic stability.

1.4.3 Literature review of reduced graphene oxide/conducting polymers

composite based asymmetric supercapacitor (ASC) device:

The supercapacitor Sg is determined by their operating potential window and
Cs value. Consequently, producing electrolytes with a wide potential window and
electrode materials with high Cs, or combining both of them, can improve the Se.
Hence, to optimise supercapacitor performance, high performing active materials
must be combined with appropriate electrolytes. In order to improve the
supercapacitor devices Sg, an asymmetric configuration of supercapacitors is more
desirable over a symmetric one. Asymmetric supercapacitor (ASC) devices provide a
broad working potential window and additional benefits due to the configuration of
various materials, such as pseudocapacitive and EDLCs. Therefore, electrodes with
various charge storage mechanisms and operating potential windows were combined
to form ASC devices.

Several studies report the use of CPs as a cathode in ASCs to accomplish Sg
and Sp are displayed in Table 1.3. Lee et al. [82] fabricated AC//PANI-M90 ASC
device and reported Cs of 73 C gt and capacitive retention of 80% for 3,000 cycles.
The device showed Se of Wh kg at 0.378 kW kg Sp. He et al. [83] fabricated
NiC02S4/PANI//AC ASC device with Cs of 152 F g~ and S of 54.06 Wh kgt at 0.79
kW kgt Sp. After 5,000 cycles, device retained 84.5% of its capacitance. Igbal et al.
[84] prepared ASC device using AC and MOF/PANI electrode and reported Cs of 104
C gt with Se of 23.11 Wh kgt and Sp of 1.60 kW kg*. Omar et al. [85] prepared
PANI-ZnCo,04//AC ASC device and showed Cs of 64 C g~tin 2 M KOH electrolyte
with 90% cyclic retention after 3,000 cycles. It delivered Se of 13.25 Wh kgt at 0.375
kW kgt Sp. Rashti et al. [86] assembled a NiC0204-PANI-rGO//AC device with
PVA-KOH gel electrolyte, achieving Cs of 262 F gt and 78% cyclic stability after
3,500 cycles. Additionally, it showed a high Se of 45.6 Wh kg™ with an Sp of 0.610
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kW kg*. Zhang et al. [87] prepared rGOH//Ppy/rGOH solid-state ASC device. In
PVA-KNO; electrolyte, the device demonstrated Cs of 131 F g * and improved cyclic
stability of 94% after 10,000 cycles. It delivered Se of 46.9 Wh kgt at 0.8 kW kg!
Sp. Zhu et al. [88] studied electrochemical performance of Ppy/rGO//NCs ASC device
in PVAJ/LICI electrolyte with Cs of 43.2 F g™*. It showed 88.7% cyclic stability for
10,000 cycles. The device showed high Se of 15.8 Wh kg™ at a Sp of 0.14 kW kg
with potential window 0 to 1.6 V. Li et al. [89] prepared ASC device in the
configuration of V20s/Ppy/CF//MnQ,/Ppy/CF. The device showed 51 F g Cs in
PVAJ/LICI gel electrolyte and Sg of 26.8 Wh kgt at a Sp of 0.200 kW kg . Ding et al.
[90] prepared PGR//RGO ASC device. The electrochemical behaviour of device is
studied in PVA/H2SO4 gel electrolyte. Device achieved Cs of 99 F g with 91%
electrochemical cyclic stability over 3,000 cycles. The device revealed the Sg of 19.32
Wh kg tata 9.62 KW kg Sp.

Conclusions:

This literature review gives a summary of recent research on aqueous and
solid ASC devices that use CPs electrodes as the cathode electrode. In all devices,
NiCo0204-PANI-rGO//AC ASC solid-state device achieved the greatest Cs of 262 F g*
in PVA-KOH gel electrolyte [86]. The advantages of polymer gel electrolytes over
liquid electrolytes include flexible supercapacitor structures, exceptional
electrochemical stability across a wider range, leakage-free systems, and effective

ionic separators.
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Table 1.3: Reduced graphene oxide (rGO)/conducting polymers composite based asymmetric supercapacitor devices.
. Specific : . Stability

Ii;‘_ Device Configuration Electrolyte POt(i;])t'al cap(;a:cét_?)nce En(e\;’\?r)‘/ Ss_nljlty PO(VI\(IS\'; izr_]f)'ty (c%)gs) RN?
1 AC//PANI-M90 1 M KOH 0tol5 73Cqg’! 14.7 0.378 (3’%%0) 82
2 NiC02S4/PANI//AC PVA-KOH Otol.6 152 54.06 0.79 (58’3'050) 83
3 AC//MOF/PANI 1 M KOH 0tol.6 104Cg™! 23.11 1.60 - 84
4 | PANI-ZNCo:04/AC 2MKOH | Otol5 64Cg" 13.25 0.375 (3’%%0) 85
5 | NiCo204-PANI-rGO//AC PVA-KOH Otol5 262 45.6 0.610 (3’75%0) 86
6 rGOH//Ppy/rGOH PVA-KNOs3 Otol.6 131 46.9 0.8 (10?300) 87
7 Ppy/rGO//NCs PVA/LICI Otol.6 43.2 15.8 0.14 (13%80) 88
g | V2OSPRYICHIMINOPRY | pyastict | 01020 51 28.6 0.200 (205,3300) 89
9 PGR//RGO PVA/H2SOs | 0tol1.2 99 19.32 9.62 (3’%%)0) 90

PANI-M90: Polyaniline-manganese phosphate, NiCo2S4: Nickel cobalt sulfide, PANI-ZnCo0,04: Polyaniline-zinc cobaltite, NiC0204: Nickel

cobaltite, rGOH: Reduced graphene oxide hydrogel, NCs: Nitrogen-doped carbon nano-sheets, V>0s: Vanadium pentoxide, PGR: Polypyrrole

based graphene hydrogel.
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1.5 Title and objectives of the research:

Title:
“Chemically deposited reduced graphene oxide (rGO)/conducting polymer composite

thin films for supercapacitor application”.

Objectives:

1) To prepare graphene oxide by modified Hummer’s method and reduced graphene
oxide by chemical reduction method. To synthesis reduced graphene oxide
(rGO)/conducting polymer (PANI and Ppy) composite thin films on solid
substrate using SILAR and CBD methods.

2) To characterize reduced graphene oxide (rGO)/conducting polymer (PANI and
Ppy) composite electrodes using different physico-chemical techniques.

3) To study supercapacitive properties of reduced graphene oxide (rGO)/conducting
polymer (PANI and Ppy) composite electrodes using cyclic voltammetry (CV),
galvanostatic  charge-discharge (GCD) and electrochemical impedance
spectroscopy (EIS) studies and to form asymmetric device and study

supercapacitive performance evaluation.

1.6 Purpose of the research:

Over the past few decades, many attempts have been performed on improving
the electrochemical properties and fabricate the supercapacitors to power portable and
flexible electronic devices effectively. The electrolyte and electrode in
supercapacitors generate Rs, which limits the device ability to reach greater Se.
Numerous methods have been used and are still being researched to lower Rs,
including the electroactive materials grow directly on the current collector. Efficient
supercapacitors have a large surface area and quick, reversible redox processes due to
their active materials, which contribute to total performance. The development of
novel electrode materials with greater conductive properties, larger redox potentials,
and greater surface areas with porous electrodes will be essential to improve the
performance of supercapacitors. The supercapacitors are widely used due to their
inexpensive cost, high electrochemical performance, and extended cycle life. It is
important to remember that the electrode material and electrolyte used in the

supercapacitors will affect its performance and can be utilised to improve it. As a

20



Chapter I

result, there are several opportunities for developing active materials and electrolytes
for supercapacitor.

Recently, CPs are widely used in various fields including solar cell, sensor,
energy storage devices and bioelectronics due to their unique physical and chemical
properties. CPs have high conductivity, good redox reversibility and environmental
friendliness. In all CPs, PANI and Ppy have received a lot of attention, especially for
its affordable price, environmental friendliness, and simplicity of preparation. Yet,
because of weak structural stability in the charging and discharging processes, it has
weak cycling and rate capability. An efficient way to improve electrochemical cycle
stability is provided by EDLC materials combined with pseudocapacitive materials.
The rGO sheets are composited with PANI and Ppy to boost the capacitance
performance because of the special synergistic impact of the two materials. The rGO
is characterized by layer structure with oxygen functional group. It is highly
conductive, high theoretical specific surface area (>1000 m? g*), excellent mechanical
strength (tensile strength 1 Gpa and young's modulus 1 Tpa). The rGO offers a robust
scaffold for the polymer matrix, favorable lightweight excellent conductivity and
electrochemical stability. Functional groups like -OH, -COOH, -CHO, etc. of rGO
offer superior defect sites for the development of PANI and Ppy over rGO sheets.

Use of rGO controls pore structure in electrode, enhances effective surface
area and lowers Rs. Hence the composition of rGO in CPs, improves the cycling
stability of CPs. Thus, rGO offers high surface area and stability while CPs offer
distinct redox activity and higher reduction potential of CPs provide large potential
window and effectively improves Cs, Sg, Sp, and charge-discharge stability of
composite thin films. Hence, the problem of poor stability and Sp of CPs materials can
be solved employing rGO and it is as a backbone material for pseudocapacitive CPs.

However, there is still a problem with the synthesis of the composite electrode
without using a binder on the conductive substrate. The stacking of rGO sheets is one
of the issues for composition. However, the majority of these articles reported the
production of rGO and CPs composite as powder, and the electrode preparation for
supercapacitors in those reports used typical binder-assisted coating processes,
including polyvinylidene fluoride (PVDF). On the other hand, present study examines
the direct synthesis of PANI and rGO/PANI composite thin films on SS substrate
using CBD method, as well as Ppy and rGO/Ppy composite thin films using simple

successive ionic layer adsorption and reaction (SILAR) method. It is considered to be
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a more effective strategy for improving interfacial contact than binder-enriched
coating approaches.

These methods are simple, low energy consumption, and thereby, low-cost
methods, useful for preparing uniform, well adherent and large area thin films. The
CBD method relies on a compound solubility product to develop in the bath. The
development of nucleation is essential for the formation of precipitates. The result of
nucleation in solution is that the molecular clusters produced quickly decompose, and
particles combine to grow the film to a particular thickness. The controlled
precipitation of the desired compound from a solution of its constituents is the
fundamental principle of CBD method. The SILAR method is a modification of CBD
method that reduces material wastage.

As the initial part of the work, CBD and SILAR methods are used to produce
rGO/PANI and rGO/Ppy thin films. Optimising preparation parameters such as
solution concentration, bath temperature, pH, deposition time, number of SILAR
cycles are crucial for achieving high quality film deposit. Using X-ray diffraction
(XRD) technique, the phase formation and crystallite size are examined. Fourier
transform infrared spectroscopy (FT-IR) and Raman spectroscopy are used to
examine the chemical bonding and verify phase development of material. The field
emission scanning electron microscopy (FE-SEM) method is used to examine the
surface morphology of the thin film. The oxidation states of the material constituent
elements are determined by X-ray photoelectron spectroscopy (XPS) technique.
Contact angle measurement is used to study the wettability of films with electrolytes.
Using Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) techniques
are used to determine the specific surface area and pore size distribution details. The
electrochemical properties of rGO/PANI and rGO/Ppy electrodes are examined using
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS) techniques. The electrochemical supercapacitive
analysis is conducted in a standard three-electrode setup includes a platinum plate, a
saturated calomel electrode (SCE) as a counter, and a reference electrode, respectively
and rGO/PANI, or rGO/PANI composite electrodes as a working electrode. An
aqueous 1 M H2SOs solution serves as the electrolyte. Finally, their supercapacitive
performances are evaluated to find out Cs, resistive parameters, and cyclic stability.

The next stage involves fabrication of flexible solid-state ASC devices using
rGO/PANI and rGO/Ppy electrodes as a cathode and PVA-H>SOs gel as an
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electrolyte. Fabrication of solid-state devices are used to explore electrode material
performance and electrolyte usefulness. The devices supercapacitive performances are
examined in terms of Cs, Sg, Sp, and cyclic stability. Furthermore, the impact of
bending on electrochemical properties of the ASC devices are examined to verify its

suitability for use in a variety of portable electronic devices.
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Chapter 11

2.1 General introduction:

This chapter introduces thin films and gives a theoretical basis on chemical
deposition methods. This chapter provides a detailed discussion of chemical bath
deposition (CBD), successive ionic layer adsorption and reaction (SILAR) methods
and thin film characterization techniques for the investigation of surface morphology,
wettability, and structure. Additionally, this chapter concludes with an explanation of

the electrochemical supercapacitor properties.

2.2 Introduction to thin films:

Thin film technology has received a lot of interest lately owing to its distinct
optical, magnetic, and electrical properties, which are utilized in a variety of thin film
applications. The technique is applied based on certain characteristics of film
materials that are easily controlled by changing preparative parameters. A thin film is
defined as a surface enclosed by two parallel planes that extend infinity in two
directions but have a restricted dimension in the third direction. Its thickness ranges
from nanometer to less than one micrometre.

Thin films can be synthesized using either physical or chemical methods.
Chart 2.1 displays a broad classification of thin film deposition methods. The two
main subclasses of physical thin film deposition methods are vacuum evaporation [1]
and sputtering [2]. These may be further divided into electron beam evaporation [3],
laser evaporation [4], radio frequency (RF) sputtering [5], and magnetron sputtering
[6].

Sputtering is a method that uses plasma to remove one or two atoms at a time
from a target. The target is constantly maintained at a lower temperature since the
evaporation rate is extremely low at low temperatures. Physical methods need high
vacuum level and a higher working temperature, as well as being expensive, needing
the deposition chamber to be cleaned after each deposition, and requiring small area
deposition. Chemical methods may be broadly divided into two phases i.e. gas and
liquid phase [7, 8]. There are several methods used in the gas phase, such as chemical
vapour deposition (CVD), metal organic chemical vapour deposition (MO-CVD),
plasma photochemical vapour deposition (PC-CVD), plasma enhanced chemical
vapour deposition (PE-CVD), and laser chemical vapour deposition (L-CVD) [9-13].
Liquid phase methods include, CBD, SILAR [14-16], electrodeposition [17], spray
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pyrolysis [18], liquid phase epitaxy [19], dip coating [20], hydrothermal [21], and spin
coating etc [22]. Chemical deposition is more effective than physical deposition for
synthesizing thin films with large surface area. Chemical methods for the deposition
of CPs thin films are cost-effective, easy, environmentally friendly, require minimal

material waste, and can be done at room temperature.
2.3 Theoretical background of chemical methods:
2.3.1 Chemical bath deposition (CBD) method:

The CBD method is a cost-effective, easy, and binder-free way to prepare thin
films. It relies on the two primary reaction mechanisms: homogeneous and
heterogeneous and does not require a vacuum system or other expensive equipment.
This method allows for precise control over preparative parameters, resulting in
superior thin film thickness. Malavekar et al. [23] provide a detailed explanation of
CBD method reaction mechanism, including the impact of preparative parameters on
the development of films. A number of review papers on CBD method of thin film
production are available in the literature [24, 25]. Fig. 2.1 shows a schematic of CBD

method for production CP thin films.

<—— Thermometer

X ‘ ¥ <— Substrate holder

Substrate —

Thin film

Reaction bath

< Magnetic
stirrer

Fig. 2.1: The schematic of CBD method.

30



Chapter 11

Thin film deposition methods
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Chart 2.1: The broad classification of thin film deposition methods.
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2.3.1.1 Basic principle of CBD:

The controlled precipitation of the desired compound from a solution of its
constituents is the fundamental principle of CBD method. The development of
nucleation is essential for the formation of precipitates. The result of nucleation in
solution is that the molecular clusters produced quickly decompose, and particles
combine to grow the film to a particular thickness. The formation of precipitates in
CBD method requires that the ionic product must be greater than the solubility
product [24]. The terms of ionic product and solubility product are explained here;
when a sparingly soluble salt AB is introduced into water. A completely saturated
solution with A* and B~ ions comes into contact with undissolved solid AB, and

equilibrium is formed between the solid phase and the ions in the solution.
AB(S) » At + B~ (2.1)
According to the law of mass action and the equilibrium condition,
M = C}.Cg/Cap(S) (2.2)

where, ‘Cx’ is concentrations of A*, ‘Cg’ is concentrations of B~, and ‘Cpp’
concentration of AB ions in the solution.

In a pure solid phase, the concentration remains constant i. e. C4g (S) = constant = M’
M= Cf.Cg/M' (2.3)
MM’ = Ci.Cg (2.4)
Due to the constants M and M’, the product MM’, or M, is also constant.
Consequently, the previous equation becomes,

M = Ci.Cg (2.5)

The solubility product (SP) is Ms, whereas the ionic product (IP) is denoted by
(CX.Cg). The IP and SP of ions are the same in a saturated solution. However, IP is
greater than SP, or IP/SP = S > 1, precipitation occurs, the solution becomes
supersaturated, and ions combine to produce homogeneous and heterogeneous nuclei

in the solution and on the substrate [26].
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2.3.1.2 Theoretical background of nucleation and growth:

Thin films that are uniformly adherent can be deposited using chemical
methods. Growth in chemical processes is achieved by either ion-by-ion or hydroxide

cluster mechanism processes.
i) lon-by-ion growth mechanism:

In the ion-by-ion growth process, a significant degree of saturation is
necessary for homogeneous nucleation. A degree of heterogeneity is introduced by the
free particle present on the surface, which promotes nucleation. Therefore, deposition
proceeds via an ion-by-ion process. The substrates surface serves as a catalyst to

initiate nucleation.
ii) Hydroxide cluster mechanism:

Usually, it refers to the development of metal chalcogenide films. The
hydroxide cluster mechanism is quite easy, while metal hydroxide exists already in
the solid phase and method simply involves replacing the hydroxide with

chalcogenide on that solid phase.

Advantages of CBD method:

i. In comparison to other chemical processes, it is quite simple and cheap
method.
ii.  Itis possible to synthesize thin films at low/room temperatures.
iii.  Itis not necessary to use a vacuum or a costly equipment at any step.
iv. A variety of substrates can be utilized.
v.  Stoichiometric synthesis uses ions as the primary building components, rather
than atoms.
vi.  This method ensures pinhole-free and homogeneous preparations by keeping
the solution in contact with the substrate.
vii.  There is no evolution of the hazardous gases.
viii.  Film thickness may be simply changed by adjusting preparative parameters
includes concentration of solution, reaction bath temperature, pH of solution,

and deposition time.
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2.3.1.3 Preparative parameters of CBD:

The rate of chemical reaction determines the adhesion and uniformity of thin
films deposited via CBD method. The solution supersaturation and the presence of
nucleation centres determine thickness of film and rate of deposition. The film growth
kinetics are influenced by several parameters, including pH, temperature, and
complexing agents, etc. The impact of preparative parameters on the film formation is

explained below.

1) pH of solution:

The pH of a solution is determined by the negative logarithm of H* ions
concentration, which may be adjusted by a complexing agent. The supersaturation
state regulates the speed of deposition and reaction. The availability of free metal ions
is compromised when a metal ion complex becomes more stable due to a rise in the
pH of the reaction solution. This affects the speed of reaction and may cause a change

in the film thickness.
i) Complexing agent:

The complexing agent function is to accept the metal cation while preventing
precipitation of the substances to be generated. The cations are gradually released to
react with the anions in the bath throughout the film developing process. Metal ion
concentration decreases along with rising complexing agent concentration. This
reduces the speed of reaction and precipitation, resulting in a slower deposition of

film.
iii) Temperature:

Another factor that affects the rate of reaction is the bath temperature. As
solution temperature rises, complexes dissolve more effectively, leading to increased
kinetic energy and improved ion interactions. Temperature dependent supersaturation

has an impact on the thin film terminal thickness.
iv) Substrate:

The rate of deposition and film thickness are largely dependent on the
substrate that will be utilized for producing the thin films. On surface of the substrate,

34



Chapter 11

nucleation centres facilitate nucleation and subsequent growth. Therefore, in order to
achieve good thin film deposition, substrate cleaning is crucial. The lattice properties
of the substrate have a significant impact on film growth. When they match the

deposited material, the rate of deposition and resulting thickness increase.
2.3.2 Successive ionic layer adsorption and reaction (SILAR) method:
2.3.2.1 Basics of SILAR method:

The SILAR method enables adhesion, uniformity, and thin film formation
with optimal properties. Thin film production occurs in CBD method if IP is greater
than SP. However, precipitate formation in the solution is unavoidable. The SILAR, a
modified variant of CBD method, reduces material loss and inefficient precipitation.
Metal chalcogenide thin films were synthesised in the middle of the 1980s using
SILAR method [27]. A SILAR method was first described by Ristov and coworkers
[28] as an adaptable chemical immersion method. The name SILAR was selected by
Nicolau and Menard [29]. A variety of chemical compounds and composite films may
be deposited using this method. The SILAR method is often referred to as the
improved CBD method. The SILAR method typically includes adsorption, reaction,

and rinsing steps. A schematic of SILAR deposition method is shown in Fig. 2.2.

Repeat cycles

Adsorption Rinsing-1 Reaction Rinsing-II

Fig. 2.2: The schematic of SILAR deposition method.
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i) Adsorption:

Adsorption is the initial stage in SILAR method. Adsorption of cations on the
surface of substrate results in the formation of a Helmholtz electric double layer,
which is constituted of two layers due to Van der Waals forces. Inner electric layers
are formed by positively charged cations. The second layer consists of negatively

charged anions and a counter layer of cations.
ii) Rinsing-1:

Rinsing-I removes cations that have been loosely or unboundedly adsorbed on
a surface. Rinsing significantly affects the size of particles, morphology, crystallinity,
and adhesion of thin film to the substrate. Film material is usually rinsed with double
distilled water (DDW).

iii) Reaction:

Anions from the anionic precursor solution combine with cations that have

already been adsorbed to produce molecules or compounds.
iv) Rinsing-11:

This rinsing-11 involves removing the unreacted and excess species as well as
byproducts of the reaction. DDW is typically utilized for rinsing, similar to in step
two.

The key variable influencing thin film deposition is film thickness, which may
be varied by adjusting a number of preparatory parameters including bath
temperature, anions and cations concentrations, complexing agent, number of SILAR

cycles.
Advantages of SILAR method:

The following are the advantages of SILAR method:
I. Itis an easy, convenient, environmentally friendly, binder-free method for the
large area thin films deposition.
ii.  Itissimple to control the deposition rate.
iii.  This procedure is performed out at room temperature.
iv.  Any kind of substrate can be utilized.
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v.  High-quality targets or vacuum are not required during the process.

vi. Itis easy to adjust the film thickness by adjusting the deposition conditions.

2.3.2.2 Effect of preparative parameters:

The SILAR method growth mechanisms are dependent on several factors,
including temperature, complexing agent, adsorption and reaction time, and number

of cycles. The impacts of various parameters are given below.
i) Concentration:

The precursor concentration is the primary factor that determines the film
thickness in all chemical reactions. Proper concentration of the precursor is known to
provide optimal film thickness, which in turn influences the material performance.
Increasing the cationic precursor concentration causes a raise in adsorption rate,
which leads to an excessive rise in film thickness and when the concentration of
anionic precursor exceeds the rate of reaction, the particle size rapidly rises, affecting
the material performance. For thickness dependent applications, the concentration of

precursors can be used to adjust film thickness [30].
ii) pH:

A solution pH has a significant impact on film formation. If the pH is higher,
the reaction rate changes quickly. When the pH is lower, the metal ions concentration
falls to a point where the metal and chalcogenide IP is smaller than the SP, which
prevents the formation of a film. A complexing agent can be used to change the

cationic solution pH value.
iii) Temperature:

By adjusting the temperature of bath, it is possible to vary the thickness of
film. Temperature affects both complex anion formation and dissociation. At high
temperature, there is a larger dissociation, which increase the rate of deposition. Film
formation occurs slowly at lower (room) temperature. An increase in temperature

causes an exponential rise in film thickness.
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iv) Complexing agent:

Concentrations of metal ion can be adjusted by introducing complexing agents
dropwise. Metal ion concentrations decrease when the concentration of complexing
agents increases. Consequently, there is a decrease in the speed of reaction and
precipitate production, which results in a thicker terminal thickness. Only the
adsorption process is responsible for the thin film deposition. Chalcogenide sources
are combined with metal ions from the metal ions complex to generate thin films.
Certain common complexing agents include oxalic acid (OA), tartaric acid (TA),
triethanolamine (TEA), citric acid (CA), and ethylenediaminetetraacetic (EDTA).

v) Number of cycles:

It is commonly known that when a SILAR reaction is conducted with more
cycles, the film thickness rises. Consequently, in order to get improved performance,
the cycle number must be optimized. A lower number of cycles causes the material to
develop irregularly and unevenly, while a larger number of cycles can lead to the

formation of clusters and peeling off thin film.
vi) Adsorption and reaction time:

The thin films formation is significantly influenced by the adsorption and
reaction times. When adsorption time exceeds reaction time, film formation occurs
through assorted reactions, resulting in a significant terminal thickness. The constant
reaction produced by the same adsorption and reaction times leads to the uniform and

adherent the formation of films.

2.4 Thin film characterization techniques:
2.4.1 X-ray diffraction (XRD):

X-ray diffraction (XRD) is a widely used and important characterization
technique in the field of materials science that provides information on the crystal
structure and atomic spacing of various materials in varying states [31]. The
dimensions of the unit cells are also provided by this technique. Additionally, the
crystallite size, lattice parameters, and phase analysis are also determined by this
technique.
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Working principle:

XRD analysis relies on crystalline materials and monochromatic X-rays that
interfere constructively. In materials, the interplanar spacing (d) is around a few
Angstroms (A), which is equivalent to the X-rays wavelength (energy ranging from 3
to 8 keV). As a result, X-rays expose on crystalline material and produce both
constructive and destructive interference pattern. A diffraction pattern can be
generated by estimating the intensity of the diffracted X-rays as a function of the
angle of scattering. If the wavelength of X-rays (A) equals the path difference
((AC+CB)-AB), diffracted X-rays exhibit constructive interference. Mathematically,
the Bragg’s condition may be expressed as [32],

dsin® + dsin6 =nA or 2dsin® =nk (2.6)

where, ‘d’, ‘0’, and ‘n’ stand for the interplanar spacing, Bragg’s angle, and order of

diffraction, respectively.

Working of instrument:

a) b)

Pa s X-ray
% detector

Fig. 2.3: a) Schematic of X-ray instrument [33], and b) picture of Rigaku Miniflex-
600 diffractometer [34].

A monochromatic X-ray source is the basic component of the X-ray
diffractometer, followed by a specimen holder and an X-ray detector. The cathode ray
tube, also known as the X-ray generator, is composed of a cathode, a target material,
and a monochromator, that are vacuum sealed inside a ceramic and glass container.

To produce electrons, the cathode typically a tungsten filament is heated. By using a
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significant amount of voltage, these electrons accelerate towards the target material
(Fe, Cu, Mo, and Cr). When electrons possess sufficient energy to push out the
electrons in the inner shell of target element, the outer electrons of target element
come into inner shells, compensating for the imbalance of energy by emitting
radiation. Radiation containing the K, and Kg lines is released when copper is used as
the target material.

Monochromatic X-rays are produced by filtering these radiations. Copper
radiation has a wavelength of 1.5406 A (CuK,). Monochromatic X-rays are focused
and pointed towards the desired material for characterisation. If Bragg’s condition is
satisfied, peaks in the X-ray intensity are observed while the detector and specimen
are rotating. Fig. 2.3a depicts the schematic of an X-ray instrument. The detector
records the signals, converts them to a count rate, and then transmits the information
to a computer for further analysis.

Three methods exist for determining the materials crystal structure are Laue
method, powder method, and rotating crystal method. The earliest approach for
determining crystal structure is Laue method, which uses a fixed angle of incidence
and a constant X-ray spectrum. This method uses monochromatic X-rays and
produces quicker diffraction than other methods. Consequently, it is utilized to
monitor dynamic processes in crystal structures. Rotating crystal method refers to
using a constant incidence angle and a different wavelength. A monochromatic X-ray
beam is permitted to fall on the sample while it rotates at a uniform rotational velocity
in the rotating crystal method. The powder method is primarily used to easily analyse
the material crystal structure. When utilizing the powder method, the wavelength is
regarded fixed, while the angle of incidence is adjustable. Fig. 2.3b shows a picture of
the Rigaku Miniflex-600 diffractometer. Scherer’s equation is used to determine the

material average crystalline size (D) [35],

_ KxaA
D= B x Cos® 2.7)

where, ‘B’ represents the diffraction peak full width at half maximum (FWHM), while

‘0’ represents its position in radians.

2.4.2 Raman spectroscopy:

The highly adaptable Raman spectroscopy method provides an easy, quick, and
non-destructive way to analyse organic and inorganic materials [36]. It analyse
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characteristics of material through light interaction. It monitors several modes of

molecules, including vibrations, rotations, and low frequency mode [37].
Working principle:

The Raman scattering mechanism involves two photons. Electrons are
characterized by significant energy differences and vary in vibrational levels (Fig.
2.4). The interaction between an electron in the sample and monochromatic light
results in the electron absorbing photon energy and acquiring a virtual energy state.
Electrons lose energy and return to an initial energy level. The electron returns to its
original level and loses one photon when the energy lost is equivalent to the energy of
the incident photon. Consequently, there are no Raman active modes in the molecule.
Rayleigh scattering takes place when the incident photon and the secondary photon

possess a similar frequency.

4
Higher energy
states
L
Vibrational E,
energy states E;
EZ
Incident E,
photon J\W ¢ £ Infrared absorption
0
Rayleigh Stokes Raman Anti-Stokes
scattering scattering Raman scattering

Fig. 2.4: Diagram of energy levels illustrating the states present in the Raman

spectrum.

When electrons lose energy in the virtual state, they may return to a distinct
vibrational level. In this instance, the energy that the electron loses and the energy
gained from the coming photon are not equal. Thus, the resulting energy difference
between the incident and emitted photons. Consequently, the frequency of the
released photon differs from that of the incident photon. This produces Raman
scattering. Based on the final vibrational state of the electron, Raman scattering is

divided into stokes and antistokes lines. Stokes lines are defined as radiation with less
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energy than the incident radiation and antistokes lines as radiation with more energy
than the incident radiation [38].

For stokes lines, the Raman shift (4v) is positive, whereas for antistokes lines,
it is negative. The molecular fingerprint is provided by the Raman spectrum, and it
varies depending on the particular molecule. A specific molecule rotational levels can
be determined by examining the Raman spectra. This is useful in the qualitative

analysis of the sample.
Working of instrument:

Three main parts constitute a Raman spectrometer: a detector, a sampling
equipment, and an excitation source. Fig. 2.5 depicts the fundamental block diagram
of a Raman spectrometer. A monochromatic excitation source is utilized in Raman
spectroscopy. Usually, a laser with narrow and consistent bandwidth is utilized as the
light source for excitation. A small form factor, low power consumption, narrow line
width, constant power output, and dependable wavelength output are all desirable
features for the laser source. It is crucial to move the laser wavelength into the near
infrared for organic molecules in order to reduce fluorescence without going above
the limitations of charge-coupled devices (CCDs), spectral detection. The 785 nm
diode lasers are increasingly used due to their affordability and ability to reduce
fluorescence without compromising spectral range or resolution. The ideal laser to use
with very fluorescent or brightly coloured materials is the 1064 nm laser. The 532 nm
laser is the ideal option for inorganic molecules because it has higher sensitivity. The
second part of the fibre optic probe system is the sample interface. Typically, it
provides a flexible interface for sampling. The versatility of fibre optics enables the
probe to be submerged in liquids or slurries in both industrial and laboratory
applications, in addition to the probe being inserted into a solid sample.

It is also compatible with microscopes and cuvette holders. The third
component is the spectrometer, which has the ability to detect extremely weak Raman
scattering due to its minimal noise, compact form factor, minimal power usage, and
excellent resolution [39]. Furthermore, depending on the kind of excitation laser being
utilized, the suitable detector is required. CCDs, are typically employed as the

detector in Raman spectroscopy. In order to further improve the spectrometers
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sensitivity for extremely low concentrations or weak Raman scatters, a back-thinned
CCD may be required [40, 41].

microscope dichroic cylindrical

] ob'fective mirror lens @

sample
lens @ ccD

} detector
—| | vibrational
S [frequency
—
position
spectrometer on sample

Fig. 2.5: The fundamental block diagram of a Raman spectrometer.

2.4.3 X-ray photoelectron spectroscopy (XPS):

X-ray photoelectron spectroscopy (XPS) is utilized to study the surface
elemental composition and oxidation states of materials. Only samples with a depth of
1-10 nm may be analyzed by XPS. The basis of the XPS process is electrons are
released from a substance when it is exposed to electromagnetic radiation, a
phenomenon known as the photoelectric effect. These released electrons are

commonly known as photoelectrons.
Working principle:

When a specimen is hit by an X-ray with the appropriate amount of energy, it
ejects inner shell electrons from the atoms (Fig. 2.6) and records their kinetic energy.
The following relation may be used to determine the binding energy of the ejected

electrons if the incident X-rays energy is known.
Ebinding = Ephoton — (Exinetic T ¢) (2.8)

where, ‘d’ represents the element work function.
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The number of photoelectrons exiting the specimen is measured, and the

elements composition and chemical states are ascertained based on their Kinetic

energy.
Ejected K Electron
(1t electron)
Vacuum \\
Fermi level ¥
Valence Band | \
LZ,S
L L @ _
Incident
X-ray (hv)
K 9 &

Fig. 2.6: An atomic representation of XPS operating principle.

Working of instrument:

In XPS, monochromatized X-rays of usually MgK., or AIK, are released using a
monochromator. The monochromatized X-rays interact with the material, ejecting
photoelectrons and detecting their quantity and Kkinetic energy using electron
detectors. The electron kinetic energy gets converted into its binding energy by the
software that is attached to the XPS machine. The data is shown as a spectrum of
electron counts based on their binding energy. Each element in the compound has a
unique binding energy, thus based on the binding energy displayed by the results, one
may identify the element that is present. The XPS, K, XPS equipment of Thermo

Fisher Scientific, U.K. is utilised in this work.

2.4.4 Field emission scanning electron microscopy (FE-SEM):

An essential tool for determining surface morphology at high resolution is the
field emission scanning electron microscopy (FE-SEM). For the imaging process,
electrons are used rather than photons. These electrons are released using a field
emission source. At magnifications ranging from 10 to 300,000X, the FE-SEM offers

elemental and topographical information with a nearly infinite field depth.
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Working principle:

The FE-SEM uses a high energy electron beam to raster scan over a surface of
sample in order to capture image of it. The electric field accelerates the primary
electrons that are emitted from a field emission source and these electrons are
concentrated using electromagnetic lenses to produce a narrow beam. The beam is
permitted to hit the sample. Primary electrons lose energy as they interact and
different types of electrons are expelled from the sample, as seen in Fig. 2.7.
Therefore, secondary electrons are released from the sample. As a result of the
electrons interactions with the sample atoms, secondary electrons are created that
carry information about the composition and topography of the surface. The detector
produces an electric signal by analyzing these electrons, and after that, this signal is

amplified and transformed into a picture.

Primary electron

Secondary beam
electrons / Auger electrons
Backscattered \ e
electrons @ e
\. .
@ ™
®
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Continuum X-Rays
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luminescence

Fluorescent
X-Rays

Fig. 2.7: Ray diagram showing the various types of electrons emitted during the

interaction between sample and primary electrons from the source.
Working of instrument:

The schematic diagram of FE-SEM instrument is displayed in Fig. 2.8a. The
primary components of a FE-SEM instrument are an electron guns, magnetic lenses, a
sample holder, an anode (accelerator), and a detector. The complete system is
attached to the desk. The gun head, specimen, and column chamber must be emptied
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in order to operate. The column chamber valve closes in response to the vent
command, permitting nitrogen (N2) gas to pass via the vent valve and into the
specimen chamber. An additional aspect of the FE-SEM study is preparation of
sample. The sample should be electrically conductive. A thin layer of conductive
metal, such as platinum (Pt), gold (Au), gold/palladium (Au/Pd), iridium (Ir),
chromium (Cr), or silver (Ag) is applied to the samples in order to mount them on a
holder [42]. The sample conductive metal covering reduces heat damage, avoids

charging and enhances secondary electrons, resulting in a higher signal to noise ratio.

a)

- Gun with filament
| . Schottky field
Anode-< 7 emitter
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Vent valve <= stigmator

Specimen chamber <

Fig. 2.8: a) Schematic of FE-SEM [43], and b) photograph of FE-SEM instrument
[44].

The FE-SEM produce high energy electrons, also known as primary electrons
produced by subjecting a tungsten filament shaped into a sharp point and placed into
strong electrical potential gradient (cathode). Electrons that are produced might
accelerate in the direction of the sample due to voltage differential between the anode
and cathode. The microscope column maintains a high vacuum of around 10~ Pa
while the voltage ranges from 0.5 to 30 kV. The electron beam is focused into a
narrow, precise region by the electromagnetic lenses. The magnification is adjusted
by the condenser lens. Through the objective lens, electron beam is focused onto the
sample. The electrostatic and electromagnetic lenses are used as objective lenses.
With a deflection system, the beam of electron is moved in a point-to-point scan
pattern using a series of scan coils. The focused electron beam interacts in many ways
with the sample once it bombards its surface and permeates it up to a few microns
[45]. Electron scattering and interaction volume are determined by atomic number,
atom concentration, and primary electron energy. The interaction volume and

scattering mechanism are enhanced by the significant primary electron energy.
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However, the scattering and interaction volume will be reduced by the large atomic
concentration and atomic number. A detector is used to collect all of these signals,
which are then divided according to their energy values. Secondary and backscattered
electrons are transformed and amplified to produce image of the sample. Fig. 2.8b

displays the photograph of the FE-SEM instrument.
2.4.5 Brunauer-Emmett-Teller (BET) analysis:

Basically, this method may be used to calculate the specific surface area and
pore volume for a given material. This is performed by using N2 gas to the material
surface at various relative pressures. The gas is eventually removed after sometime,
the difference between the amount of gas sent inside and reverted is measured. The

surface area of sample is given by the result in m? g2,
Working principle:

The surface area determinations are based on two distinct principles:
volumetric and gravimetric. In both the procedures, the sample is first placed within
the chamber, heated to the necessary temperature, and then different relative pressures
of N2 gas are injected into it. When using the volumetric approach, the measurement
of the relative pressure variation occurs in relation to the reading taken without
material being placed within the chamber. The surface area and pore volume are
calculated using the gravimetric approach, which measures the quantity of N
adsorbed onto surface and difference between the amount of N2 supplied inside and
recovered [46]. The plot of quantity adsorbed against the adsorptive pressure is called
an isotherm. The pressure is represented as the adsorptive pressure (P) divided by the
saturated vapour pressure (Po). Volumetric measurement is commonly utilized
because of its low cost and easy method.

Yet, volumetric analysis unclear conclusions limit its broad use. In this
instance, gravimetric analysis provides more precision and accuracy. Six distinct
isotherms exist, depending on the way adsorbent and adsorbate interact. Six distinct

types of isotherms in the BET analysis are shown in Fig. 2.9.

1. Type I isotherm- physisorption or chemisorption on a material with tiny pores.
2. Type Il isotherm- non-porous or microporous materials have a high adsorption

energy.
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3. Type Il isotherm- non-porous or microporous materials have a low adsorption
energy.

4. Type IV isotherm- the mesoporous materials have a high adsorption energy.

5. Type V isotherm- the mesoporous materials have a low adsorption energy.

6. Type VI isotherm- the materials include multiple pore sizes.

I I III
©
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o
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€
<

Relative pressure

Fig. 2.9: Isotherm types in BET analysis [47].

The BET theory is an extension of the Langmuir theory, which is a theory that
applies monolayer molecule adsorption to multilayer adsorption with the following

hypotheses:

a) Gas molecules physically adsorb on the solid surface.
b) There is no interaction among each adsorption layer.

¢) The Langmuir theory can be implemented to each layer.

The BET technique is widely used in surface science to evaluate solid surface
areas by the physical adsorption of gas molecules. In order to calculate the specific
surface area from the number of moles of adsorbate in a monolayer (nm) and the

cross-sectional area of the adsorbate molecule (a),

Specific surface area = n,Na (2.9)
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where, ‘a = (M/p)?/ 3N:\/ 3> ‘M’ stands for molar mass (g mol™?), ‘p’ represents the

liquid density (gm~3), and ‘N’ is Avogadro’s number (6.022x1072 mol™).

Working of instrument:

/ AN
Nitrogen
reservoir

Vacuum To cold traps and
gauge vacuum pumps

Helium
reservoir

Vacuum/Air

Vapour
pressure
manometer

Fig. 2.10: A schematic representation of the dynamic flow method system [48].

Specific surface area can be calculated using the volumetric approach of BET
analysis, which uses a variety of instruments to quantify the adsorption of gas (usually
N2) onto a solid sample. In order to measure specific surface area of sample, initially,
the sample is put in the sample holder, and the vacuum pump is used to evacuate the
system to ensure there is no air or impurities in the chamber. After that, helium gas is
pumped into the chamber to remove all remaining residual gas. This is done because
helium is inert and does not adsorb on the surface, allowing for precise measurements
of N2 adsorption. After the chamber is vacuumed and purged, N> gas from the
nitrogen reservoir is added at various pressures. The pressure is measured using a
vacuum gauge and a manometer. As N> enters the system, the manometer monitors
the pressure within the chamber. After allowing the gas adsorb on the samples
surface, the pressure is changed until a number of readings at different pressures are
obtained (typically, an order of increasing and then decreasing pressures). The data
from changing pressures (P and Po) is utilized to generate an adsorption isotherm. The
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amount of N2 adsorbed at each pressure is calculated, allowing the development of a
BET plot. The specific surface area of the sample can be calculated using the BET
equation and the volume of gas adsorbed at various pressures [49]. The schematic
representation of the dynamic flow method system used for the measuring specific

surface area is depicted in Fig. 2.10.

2.4.6 Contact angle measurement:

The wettability of the surface is determined by measuring the contact angle.
This method can also be used to calculate the surface free energy. A thin film material
wettability refers to its capacity to interact with liquid. The photograph of Rame-Hart
contact angle meter is shown in Fig. 2.11a. Fig. 2.11b shows a liquid sample contact
angle image on a surface of solid thin film. The angle measured within the liquid that
connects a solid surface to a tangent drawn on its surface is known as the contact
angle. A film surface is regarded as hydrophobic and less wettable if its contact angle
is larger than 90°. A surface is considered super hydrophobic if the contact angle is
more than 170°. Super hydrophilic nature is characterized by a very wettable surface
and a contact angle of less than or equal to 5°. More wettability and hydrophilicity are
associated with a contact angle of less than 90° [50, 51]. Net force is zero when all
three phases are in an equilibrium state. Young's equation is used to compute the
contact angle () [52],

Ysyv = YsL + Yi,vcos0 (2.10)

where the solid-liquid, solid-vapour, and liquid-vapour interfacial energies are

represented by the variables ys ;. ysy. and ypy, respectively.

b)
Vapor T

Tsv

Solid

Fig. 2.11: a) A photograph of a Rame-Hart NRL contact angle meter [53], and b)
contact angle between a liquid and a solid sample.
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2.5 Theoretical background of supercapacitor:

Supercapacitors are electrochemical capacitors that store and release energy
more quickly than normal capacitors and have a higher Sp than batteries. The
supercapacitor offers advantages over regular capacitor and battery. The
supercapacitor exhibits long term cyclic stability, large Cs, and Se. In contrast to a
battery, it is harmless. Therefore, it is utilized in a variety of applications, including
hybrid electric cars, telecommunications, backup for uninterruptible power supplies,

and light-weight power sources for tiny aircraft.

2.5.1 Supercapacitor device:

Supercapacitor device types are displayed in Fig. 2.12. Supercapacitors may
be classified into three categories such as symmetric, asymmetric, and hybrid devices.
Both symmetric and asymmetric supercapacitive cell configurations have been the
focus of several research publications, and it is important to establish common terms
used to describe these devices [54]. Additionally, these words symmetric, asymmetric,
and hybrid only apply to devices, not electrodes. Batteries are large energy devices
with poor Sp, whereas capacitors are high power devices with limited energy storage
capability. It is expected that the two systems working together will provide a high

performing single device.

Supercapacitor device

}
! ! !

Fig. 2.12: Types of supercapacitor device.

Both comparable electrodes from the same charge storage mechanism can be
used to develop a symmetric supercapacitor (SSC) system. Examples of SSC devices
include AC//AC and MnO.//MnQ; [55]. Because both electrodes are made of similar
materials, charge balancing is simple to establish in this case.

Asymmetric supercapacitors (ASCs) are a novel type of device that consists of

two distinct electrode materials with different mechanisms for storing charge or
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electroactive materials with variable ratios of redox active sites. Typically, electrodes
based on EDLC and pseudocapacitive charge storage processes are built together. The
ASCs have a high operating voltage, extended electrochemical stability, and high
current rates with high Se. The term ASC may be applied to a cell assembly consisting
of two EDLC electrodes, one EDLC and one pseudocapacitive electrode, or both
pseudocapacitive electrodes. A few examples of the ASCs devices are AC//CNTSs,
AC//IMnO> [56], and PANI//WO3 [57]. The operating voltages of each electrode
determine the final voltage of ASCs [58]. The balance of the charges stored (q) on the
two component electrodes is required to reach the maximum operating potential and
Se i.e. g- = g+ [59]. Typically, the charges stored are correlated with the electrode
material electroactive mass (m), Cs, and potential window (V). The electrodes optimal

mass ratio is determined using the following relation,

my _ Cs—X AV_ (2.11)

m_  CsyX AV

where ‘AV’ (V) is a potential window, ‘m’ (g) is the mass of active material, ‘Cs’ (F
g") is the specific capacitance, and +/— denotes electrodes with a positive and
negative charges, respectively.

The term hybrid supercapacitors (HSCs) refers to the configuration of energy
storage devices that combine two electrode types-one capacitive (carbon-based) and
the other battery-type (NiO) [60]. The supercapacitor capacity to store energy is
increased in this device by using its operating potential window to attain the faradic
potential battery-like electrode. Due to hybridization, the hybrid device exhibits

higher capacitive performance [61, 62].
2.5.2 Cyclic voltammetry (CV):

This technique is highly effective in comprehending the electrochemical
reactions involved in supercapacitive at the electrode and electrolyte interface. It is
commonly used to assess reversible faradic reaction and ascertain the electrode or
device operating potential window. Applying a constant initial and final voltages to an
electrode or device and simultaneously estimating the consequent current is the basis
of the CV concept [63]. In CV, a single cycle is completed by linearly varying the
electrode potential between two constant potentials and then returning to the initial

potential. These potential cycles are repeated several times. The current
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is measurement based on the applied potential rate and the resulting graph is called a
cyclic voltammogram. The CV data allows us to understand [64],

I.  Qualitative and pseudo-quantitative analyses,

Il.  Kinetic analysis using a broad range of scan rates, and
I1l.  Estimate of the potential window.

Typically, two or three electrode configurations are used to perform the CV
measurements. While measuring CV with three electrodes consisting a reference
electrode (RE), a counter electrode (CE), and a working electrode (WE). The
electrode operating potential is assessed in CV measurement with respect to the RE.
Fig. 2.13 presents the typical CV curve. The CV graph is used to compute the Cs of
electrodes using the following equation:

"1 v)dv (2.12)

1
T mxvxav fVo
where, f;;l [(V)dV shows the half of total area covered by a single CV cycle, ‘Vo’

stands for initial potential and ‘V1’ as final potential, ‘m’ is mass of active material
(g), ‘v’ denotes scan rate (V s™), ‘AV’ stands for potential difference (V), and ‘I’ is
applied current density (A).
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Fig. 2.13: The typical CV curve.

2.5.3 Galvanostatic charge discharge (GCD):

The GCD technique is often utilized to evaluate Cs of electrodes and devices
as well as the stability of electrochemical cycles. According to the GCD principle, the

53



Chapter 11

WE receives a constant current and as a function of time, the related potential is
determined with respect to the RE. Initially, potential drops create a rapid change,
followed by smaller changes [65]. Fig. 2.14 shows a typical GCD curve.

Potential drops while discharging because of the solution and interfacial
resistance; it can be avoided by using a steady potential offset. The sample electrode
charge storage process is confirmed by the charging and discharging curve. The
charge discharge curves symmetric shape indicates that the double layer process is
primarily responsible for storing charge. If not, charge is stored through the
pseudocapacitive mechanism [66, 67]. The following relation is used to calculate Cs

from discharge curves,

_Ixt
S T mxAv

(2.13)

where, ‘m’ is mass of active material (g), ‘AV’ stans for potential difference (V), ‘I’ is
applied current density (A), and ‘t’ is the discharge time (s). Furthermore, the Sg and

Sp of the supercapacitor can be determined using GCD analysis.
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Fig. 2.14: The typical GCD curve.

2.5.4 Electrochemical impedance spectroscopy (EIS):

The EIS technique, also referred to as AC impedance spectroscopy, is one of
the most effective ways to comprehend the impedance behaviour of supercapacitor at

the electrode and electrolyte interface. For EIS, a little AC signal with frequencies

54



Chapter 11

that vary between several mHz to kHz is used to charge the supercapacitor cell.
Responding to applied AC signals, the output signals represent the current. The
Nyquist plot refers to the imaginary impedance vs real impedance graph [68, 69]. The
EIS study records both frequency-dependent and frequency-independent resistive
properties of a system. The electrode material impedance may be calculated using the
input signals of a sinusoidal voltage V (o) = Vo sin ot and the output response I (®) =
lo sin (wt + ),

_V(w) _ Vpsin(wt) sin wt
Z(w) = [(@)  Ipsin(ot+d) 9 sin(ot+¢)

(2.14)

Magnitude ‘Zo’ is used to express the impedance and phase shift ‘¢’. The
Nyquist plot in Fig. 2.15 illustrates the imaginary and real components of impedance.
The Nyquist plot basic equivalent circuit (Randles cell) is depicted in the inset of Fig.
2.15. The Nyquist plot is useful for studying electrochemical devices equivalent series
resistance (Rs), charge transfer resistance (Rc), and diffusion impedance (W). In
compared to CV, EIS use a sinusoidal voltage signal to measure current at different
frequencies, whereas CV use a linear voltage.

Imaginary Impedance (Q)

Real Impedance (Q)

Fig. 2.15: A Nyquist plot with electrical equivalent circuit.
Some electrochemical terms in impedance spectroscopy are listed below,

a) Equivalent series resistance (Rs):

It contributes significantly to the impedance of electrochemical

supercapacitor cell. The solution resistance between the RE and CE is compensated
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for using a three-electrode cell. It is necessary to take into consideration the solution
resistance that exists between the RE and WE while modeling an electrochemical
supercapacitor cell. The resistance of an ionic solution varies based on concentration
of ions, types of ions, temperature, and the area of the current flow. The comparable
resistance is determined as follows: Given a constant current flowing through the

limited area as (A) and length (1),
R=ps (2.15)

where, ‘p’ denotes solution resistivity, the relation between solution conductivity (K)

and solution resistance is as follows,
, K= — (2.16)

The electrochemical supercapacitor devices lack a constant current distribution
across the specified electrolyte area. As a result, it will be inaccurate to estimate
solution resistance using solution conductivity. It is ascertainable from the EIS curve
[70].

b) Double layer capacitance (C):

It resides across the surrounding electrolyte solution and the electrode
interface. As solution ions adsorb on the electrode surface, they form an interface. An
insulating space, measured in angstroms (A), is used to separate a charged electrode
from the charged ions. A capacitor is formed when charges are separated by an
insulator. A bare metal immersed in an electrolyte solution exhibits capacitor-like
behaviour. Double layer capacitance can range from 20 to 60 pF per 1 x 1 cm? of
electrode area, depending on factors such as electrode potential, concentration of ions,
type of ions, oxide layers, temperature, roughness, and impurity adsorption.

c) Charge transfer resistance (Rct):

In this case, the resistance is produced using a Kkinetically controlled
electrochemical process. There is only one reaction that is in equilibrium. Consider

the reversible reaction below,

Red <> Ox + ne” (2.17)
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A number of variables, including temperature, reaction type, reaction voltage,

and reaction product concentration, affect the rate of charge transfer reaction occurs.
d) Diffusion impedance (W):

It is determined by the potential disturbance frequency. The producing
impedance is referred to as Warburg impedance. At higher frequencies, electrolyte
ions in solution have a shorter distance to travel, resulting in a minimal Warburg

impedance. At lower frequencies, ions diffuse more, increasing the Warburg
impedance [71].
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3.1 Introduction:

In response to the fast growth of the global economy, the depletion of fossil
fuels, and the degradation of ecosystems, there is a critical need to improve extremely
effective, inexhaustible, and environment friendly methods for the conversion and
storage of energy. This has animated advances in converting renewable energy
through greenways and innovations related to electrochemical energy storage, i.e.
supercapacitors and batteries [1, 2]. Because of their inherent electrochemical
properties, such as fast charge-discharge, long cycle stability, greater Se compared to
capacitors, and larger Sp than ordinary batteries, supercapacitors have been explored
as key enabler for the next generation energy storage device.

Based on the methods used for charge storage, supercapacitor materials are
divided into EDLC, and pseudocapacitor materials. The charge is stored in EDLC by
electrolyte ions adhering to the electrode material surfaces. The pseudocapacitor
charge storage device primarily relies on transferring charge through redox reactions
on the electrode surface and in the electrolyte. Hence, the term pseudocapacitance has
been used to characterize the properties of an electrode that exhibits capacitor-like
behaviour in its electrochemical properties [3]. Only carbon-based materials
consisting have demonstrated desirable flexibility; as a result, they have been
extensively explored for flexible supercapacitors [4, 5]. CPs and transition metal
compounds have also been largely composited and studied for supercapacitor
applications due to their prominent energy storage properties [6, 7].

In emerging materials, the two-dimensional and sp? hybridized carbon
material known as graphene has emerged as a promising choice for next generation
flexible electrode materials. This is because graphene sheets have a huge accessible
surface area (2630 m? g%), facilitating large double-layer capacitance. In addition,
covalent sp? bonds between carbon atoms have a unique physical structure that
promotes high electrical conductivity, which significantly lowers resistance of
material [8, 9]. By adding rGO sheets in CPs matrix to improve their surface area,
electrochemical processes, diffusion route, and increasing Se and Sp. The non covalent
bonding of rGO sheets and CPs is responsible for the efficient features of
supercapacitors. The CP serves as separators to prevent the aggregation of rGO
sheets, while rGO enhances the efficient polymerization of CP [10]. Hence, the
combination of CP with rGO offers an efficient way of enhancing the stability of
electrochemical cycles.
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Among the CPs, the nanostructure of PANI is particularly interesting since it
has a substantial influence on supercapacitor performance. It influences PANI matrix
specific surface area and ion diffusivity during redox reactions, resulting in high C;
[11]. Nanostructured PANI materials have been synthesized in recent years using a
variety of methods, including electrodeposition, SILAR method, etc. Patil et al. [12]
reported an electrodeposition method to prepare PANI with a Cs of 581 F g™
Deshmukh et al. [13] reported that PANI-titanium oxide electrode prepared by CBD
method and exhibited Cs of 783 F g*. Patil et al. [14] reported that deposition of
silver nano sticks-PANI by dip coating method, which showed a highest Cs of 628 F
g 1. Microwave-assisted chemical oxidative polymerization method for developing
PANI nanosheets on carbon cloth was reported by Zhou et al. [15], with a Cs of 1034
F g*. Liu and coworkers [16] prepared graphene/PANI composite hydrogel film by
electropolymerization method and achieved Cs of 853.7 F gX. Wang et al. [6]
synthesized ~PANI-rGO/MWCNT  nanocomposite by chemical oxidative
polymerization of aniline on rGO sheets with Cs of 645 F g1

This chapter covers the synthesis and characterisation of PANI and rGO/PANI
thin films using CBD method.

3.2 Synthesis of PANI and rGO/PANI thin films:
3.2.1 Introduction:

The electrode material preparation method should be cost-effective and
scalable, making it suitable for large scale commercialization of supercapacitors.
From this point of view, the low temperature, binder-free CBD method is used to
synthesis PANI and rGO/PANI electrodes. The main advantage of CBD method is
that it significantly increases the electrical conductivity of the electrodes that are
produced precisely on the conductive substrate. More electrolyte active sites are
provided by direct material growth [17]. By combining rGO sheets with PANI
nanoparticles produced using CBD method, a porous electrode structure can be
formed. Following this, PANI and rGO/PANI films were characterized through
various techniques such as structural analysis using XRD, chemical bonding study
using Raman, chemical state determination using XPS, surface microstructural studies
using FE-SEM, and BET is used to quantify the thin film material specific surface
area. Additionally, wettability measurements were performed to investigate the

interaction between PANI and rGO/PANI thin film electrodes with an electrolyte.
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3.2.2 Experimental details:

3.2.2.1 Cleaning of substrate:

The uncontrolled development of material and the resulting non-uniform thin
film deposition are caused by an impurity in the substrate. Thus, proper substrate
cleaning is crucial for consistent film deposition. This study uses stainless steel (SS)
as a substrate.

The following is the process used to clean the SS substrate:

Step 1: The impurities was removed from the SS substrate by cleaning it with acetone.
Step 2: Zero grade sand paper was used to mirror polish the SS substrate.

Step 3: Using DDW, the substrate was washed after polishing; and

Step 4. Then substrate was ultrasonically cleaned with DDW for 15 min then dried at

ambient temperature.
3.2.2.2 Chemicals:

All chemicals of analytical reagent grade, like aniline monomer, sulphuric acid
(H2S04), ammonium persulfate (APS) ((NH4)2S20s), were purchased from Thomas
Baker Ltd. As a solvent, DDW was used and a SS 304 grade measuring 5 x 1 cm? was

used as the substrate.
3.2.2.3 Synthesis of rGO:

The GO suspension was formed by exfoliating graphite, and then a chemical
reduction method was used to produce rGO. The previously described process was
used in the preparation of GO suspension. In a 500 mL conical flask, 2 g of graphite
flakes with an average diameter of 100 um and 100 mL of concentrated H.SO4 were
added. The mixture was then held in an ice bath with constant stirring until 1 g of
sodium nitrate (NaNOz3) was added. To keep the reaction temperature below 293 K, 8
g of potassium permanganate (KMnOgs) was gradually added to this mixture.
Afterwards the completion of the addition, for 12 h the reaction mixture was
constantly stirred at the ambient temperature. 100 mL of DDW was added after 1.5 h,
and then 300 mL of DDW and 8 mL of 30% hydrogen peroxide (H202). As a result,
the solution becomes yellowish. Subsequently, the mixture was repeatedly washed
with 5% HCI and DDW until the pH reached 6.5. The GO slurry concentration was

measured by use of the gravimetric weight difference method. For GO reduction,
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hydrazine hydrate (N2H4) (reducing agent) was employed. 500 mL of GO solution
with a density of 1 mg mL™* was heated for 2 h at 363 K with 2.5 mL of N2H4 added.
The residue was repeatedly cleaned with DDW after the reaction was finished, and it
was then vacuum dried at 323 K. The rGO powder was utilized to deposit and
characterize thin films. A schematic representation of rGO production process is
depicted in Fig. 3.1.

2 g Graphite Powder + Graphite
100 mL H,SO, + NaNO,
Stirring l in Ice bath L Washing with DDW
until pH~ 7.5
Slow addition of
L 8 g KMnO, Heatin gl N
368 K
Stirring l After 1 h =
SIS R Addition of hydrazine
t Solution diluted - hydrate (SmL/L) to
with 100 mL DDW T R ety Suspension of GO
Sﬁrringl Reduced Graphene Oxide (rGO) I
Again diluted Addition of Washin, . .
with 300 mL §mLof  messp slurry w1gth Washing with DDW
DDW Stirring|  30% H,0, 59 HCl until pH ~6.5

Fig. 3.1: A schematic representation of rGO production process.

3.2.2.4 Synthesis of PANI thin films:

A convenient method for significant deposition on many substrates is CBD
method. It is quite an easy and cheap method compared to other methods. The
development of nucleation is essential for the formation of precipitates. The result of
nucleation in solution is that the molecular clusters produced quickly decompose, and
particles combine to grow the film to a particular thickness. The controlled
precipitation of the desired compound from a solution of its constituents is the
fundamental principle of CBD method [18, 19].

In thin film deposition, the reaction temperature is particularly significant
because it affects the ion transport Kinetics, that is affected by the reaction rate,
morphology, thickness, surface wettability, and pore size [20]. However, a complete
understanding of its impact on electrode electrochemical activity is still lacking. The

electrode material specific surface area, which determines the electrode electroactive
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area, is related to the pore size. As a result, understanding the influence of changes in
the fundamental characteristics of a thin film material produced by reaction bath
temperature on electrochemical characteristics is essential and practically significant.
Such research will assist in the optimization of preparative parameters of the active
electrode material for energy storage applications [17]. Hence, we have considered
the possible effect of reaction temperature on the structural and supercapacitive
performance of PANI electrode, particularly with chemical synthesis methods.
Herein, PANI electrodes were prepared at different bath temperatures using CBD
method. Moreover, the reaction bath temperature affected on some physical properties
of electrodes such as the thickness of the films, specific surface area, and wettability

of the electrode.

a) SS
substrate

T _/ Ameonium -

Aniline + persulfate
H,SO,

PANI thin
film

b)
4n QNHZ + 5n (NH,‘)zSzOs

H H H H
| e 4 |
N N N Ne—
HSO, HSO,

+3n H,SO, + 5n (NH,),SO,

Fig. 3.2: a) Schematic presentation of PANI electrode preparation by CBD method at
different temperatures (P1 to P4), and b) reaction mechanism of PANI. (Aniline is

67



Chapter 111

oxidized by APS to form PANI. Sulfuric acid and ammonium sulphate are by-
products).

The mechanism of PANI deposition is the chemical polymerization of aniline
monomer in an acidic medium. For the deposition, 0.4 M aniline monomer was
dissolved in 50 mL, 1 M H2SO4 solution, and to this solution, 50 mL of 0.1 M APS
solution was added dropwise at speed of 2 mL s™!. The solution was stirred vigorously
at 400 rpm speed and kept to polymerize for an hour at different temperatures
between 263 and 323 K with a pre-cleaned SS substrate (1 x 5 cm?) immersed. Fig.
3.2a shows the schematic representation of PANI electrode preparation using CBD
method.

In CBD method, film deposition involves ion-by-ion deposition at available
nucleation sites on a submerged SS substrate surface. Fig. 3.2b illustrates the reaction
mechanism of PANI. To initiate chemical polymerization, a proton from an aniline
molecule is removed by APS, and the dimer gives chain propagation through
oxidation and coupling. Due to protonic acid, doping of protons takes place on
completion of polymerization [21]. As the reaction proceeds, due to the
polymerization of aniline, the reaction solution turns green from its original bluish
colour. After an hour, the SS substrate was removed from the reaction bath and rinsed
1-2 times with DDW. A green layer was observed on SS substrate, indicating that the
conducting emeraldine salt phase of PANI has been obtained [22]. The PANI films
deposited at temperatures of 263, 273, 303, and 323 K are denoted as P1, P2, P3, and
P4, respectively.

Thickness study:

The weight difference method was applied to determine thin film thicknesses
using a sensitive microbalance. The variation of thickness of PANI electrodes with
reaction bath temperature is shown in Fig. 3.3a. Thickness (T) was determined by

using the equation,

M
T =
AXp

(3.1)

where ‘M/A’ is the mass per unit area deposited on SS substrate in g cm™2, and ‘p’ is
PANI density (1.329 g cm™3). PANI film thickness increases with temperature,
achieving a maximum of 1.0 um at 303 K. The film thickness in CBD method is

influenced by the nucleation growth process and the rate of nucleus production.
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During the development phase, more nucleation sites improve coagulation
even more to achieve maximal thickness [23]. At high temperatures, PANI conjugated
structure breaks due to the delocalization of m-electron, and the ion doping level of
PANI chains decreases. Because of decreased polymerization rate, film thickness
decreases above 303 K [24]. Photograph of P1, P2, P3, and P4 films is displayed in
Fig. 3.3b. The rate of polymerization increases with temperature, indicating that the
colour of PANI films also changed with temperature from light green to dark green.
An increase in the temperature above 303 K stimulates a decrease in the polymer

chains propagation step, which results in changed colour of thin film.

11
a) b)
P3
= 1.0 2
E / P1 P P P4
= P2
o 0.9- 3
g /
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o
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Fig. 3.3: a) The variation of thickness of PANI electrodes with reaction bath
temperature, and b) photograph of PANI electrodes.

3.2.2.5 Synthesis of rGO/PANI thin films:

Ammonium
persulfate

rGO sheets  Polymerization

rGO/PANI composite
thin film

HEATER STIRRER HEATER STIRRER

Fig. 3.4: Schematic presentation of rGO/PANI electrode preparation by CBD method.
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For the synthesis of rGO/PANI films, 1 mg mL ™' rGO was added in 20 mL of
DDW and sonicated for 4 h to evenly distribute rGO sheets. In a separate beaker, 0.1
M of aniline was added to 20 mL of 1 M of H2SO4 solution. In another beaker 0.1 M
APS was dissolved in 20 mL of DDW. Both the solutions were added dropwise into
rGO suspension at room temperature (303 K). A pre-cleaned SS substrate was
immersed in the resultant mixture while the mixture aggressively stirred 400 rpm and
allowed to polymerize for an hour. Fig. 3.4 depicts the schematic presentation of

rGO/PANI electrode preparation using CBD method.

NH,
m + 4,,@ =+ 5n(NH,),S,0,

rGO Sheets Aniline Ammonium persulfate

Polymerization

KO- @ @}

rGO Sheets

Polyanlline chain

interaction

O]

Formation of rGO/PANI composite

Fig. 3.5: Reaction mechanism of rGO/PANI composite electrode.

In the chemical deposition of rGO/PANI composite, n-r stacking interactions
between PANI backbone and rGO surface encouraged positively charged monomers
(anilinium cations) to adsorb on the negatively charged rGO surface [25]. As a result,
essential polymerization occurred on an increasing number of nucleation sites,

assisted by the immense specific surface area of rGO network, providing continuous
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deposition of PANI with high surface coverage. Fig. 3.5 shows the reaction and
growth mechanism of PANI on rGO surface. In acidic environment, the aniline
monomers change into anilinium cations (C¢HsNH3"), which then quickly react with
oxidant to generate spikes of aniline cations. Nucleation takes place on sites provided
by rGO sheets by a chemical oxidative polymerization mechanism, and it can serve as
a ‘seed’ to speed up the kinetics of spikes creation within a limited period and prevent
additional overgrowth [26]. For rGO, PANI, and rGO/PANI, the corresponding
thicknesses are 0.65, 1.0, and 1.52 um, respectively. The thickness increased with
rGO composite because rGO sheets electrostatically attract more aniline ions, leading

to increased mass loading.

3.3 Material characterizations:

3.3.1 Physico-chemical characterizations:

The material crystal structure was examined with a Rigaku miniflex-600 X-ray
diffractometer utilizing Cu K-a radiation (A = 1.54 A). Using FT-IR instrument
Bruker Tensor 27, chemical bonding between constituent elements was analyzed.
Raman spectroscopy of the samples was carried out using Raman spectrometer of
Tokyo Instruments (Model: FLEX G) with a laser wavelength of 514.4 nm. The XPS
was used to analyze the surface chemical composition of a thin film using a
monochromatic Mg Ka radiation source (1253.6 eV) (VG Multilab 2000, Thermo VG
Scientific, U.K.). A FE-SEM was used to investigate the morphology of the materials.
N2 sorption experiments were conducted utilizing the Quantachrome Instrument
v11.02 to obtain specific surface area and pore size distribution information using
BET and BJH studies. To capture photos of contact angle, the Rame Hart goniometer

was used.

3.3.2 Electrochemical characterizations:

To examine the electrochemical characteristics of PANI and rGO/PANI
electrodes, a Zive MP1 electrochemical workstation was utilized. The electrochemical
properties were evaluated in an aqueous 1 M H>SOs electrolyte. A three-electrode
setup typically consists of a PANI or rGO/PANI thin films as the WE, a saturated
calomel electrode (SCE) serving as the RE, and a platinum plate (Pt) as the CE. In this
system, Pt offers very high electrical conductivity and hence, the performance of

PANI or rGO/PANI can be evaluated correctly. Fig. 3.6 depicts the electrochemical
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workstation (Fig. 3.6a), experimental setup (Fig. 3.6b), and schematic for the three-
electrode cell (Fig. 3.6¢). The supercapacitive performance of electrodes was assessed
using Cs, Rs, Ret, and cyclic stability. An electrochemical workstation was used to
perform the CV, GCD, and EIS analyses (Zive MP1).

Fig. 3.6: a) The electrochemical workstation, b) experimental setup, and c) schematic

representation of three-electrode cell.

3.3.2.1 Cyclic voltammetry (CV):

The CV is a crucial method for determining redox potentials and redox
transfer processes. The Cs of electrode materials can be determined using CV curve.
The CV study for PANI or rGO/PANI thin film electrodes was conducted within the
potential window of -0.2 to +0.8 V/SCE. The Cs of the electrode material were
calculated using Equation 2.12. The power law analysis was used to study the charge

storage mechanism.
3.3.2.2 Galvanostatic charge discharge (GCD):

For PANI or rGO/PANI thin film electrodes, the GCD analysis was carried
out within a similar potential window as the CV analysis. The shape of GCD curves
indicates the type of charge storage properties. Equation 2.13 was utilized to get the

Cs values of thin film electrodes.
3.3.2.3 Electrochemical impedance spectroscopy (EIS):

The EIS study helps to investigate resistance and charge transfer processes.
The electrochemical workstation (Zive MP1) utilized the EIS measurement to
evaluate the quality of the interaction between the electrode/electrolyte. The EIS
experiment was conducted at frequencies between 0.01 Hz and 100 kHz with

potential amplitude of 10 mV.
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3.4A.1 Physico-chemical characterizations of PANI thin films:

3.4A.1.1 XRD study:
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Fig. 3.7: a) The XRD patterns of PANI electrodes deposited at different temperatures,
b) XRD pattern of P3 powder, and c) FT-IR spectra of PANI electrodes.

The XRD patterns presented in Fig. 3.7a are of PANI films deposited at
different temperatures (P1 to P4). The patterns do not show any peak of PANI

material instead, the presence of SS peaks with the notation ‘A’ indicates that all

PANI samples are amorphous. It has been reported that PANI exhibits an amorphous
nature at low temperatures (below 373 K) [27]. The XRD pattern of P3 powder is
depicted in Fig. 3.7b. The diffraction patterns composed of two broad peaks at 10.19°

and 25.10°, which might be attributed to scattering along a direction parallel to the

polymer chain and given to the uniformity which is perpendicular to the polymers

chain direction, indicating that PANI chain contains a mainly amorphous structure
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[28]. The PANI achieved amorphous nature is more practical than crystalline because
the deposition was performed at room temperature, only the lowest energy is
available, which is required for particle arrangements in a particular direction. An
amorphous material is not arranged in a regular or periodic pattern. So, the apparent
volume void fractions of amorphous materials with highly porous structures can range
upto 50% or more. Due to this, ions may easily intercalate and deintercalate inside the
bulk of the amorphous electrode and the electrode capacity to store electrochemical

charge is increased [29, 30].

3.4A.1.2 FT-IR study:

To determine functional or bonding group presence in synthesized PANI thin
films, FT-IR spectroscopy was conducted and the obtained spectra are depicted in
Fig. 3.7c. In all four spectra, the intense peak at 3440 cm™ represents stretching
vibrations of the —OH group on the thin film surface [31]. The N-H characteristics
bond in an aromatic ring attached to amines gives the absorption peak at 2923 cm™
and 2852 cm™. The bands that appeared at 1629 cm™ correspond to the aromatic
quinoid ring deformation [32]. An absorption band at 1389 cm™ is associated with C-
N stretching vibrations in the polaronic structure [33]. The absorption band observed
at 1045 cm™ is caused by the out of plane bending vibration of the benzene ring C—H
[34]. These distinct peaks confirmed that PANI contained the conducting emeraldine

salt phase.

3.4A.1.3 FE-SEM study:

A significant and useful technique for examining the surface textural
characteristics of thin film material is the FE-SEM. The FE-SEM images of PANI
samples demonstrate the effect of polymerization temperature on the morphology of
the samples. The surface morphologies of all PANI electrodes at magnifications of 25
KX and 75 KX are shown in Fig. 3.8. Sample P1 (Fig. 3.8a and b) shows the
morphology of a quite hierarchically interrelated structure composed of a highly
porous network of spikes. Sample P2 (Fig. 3.8c and d) shows similar morphology
with a reduction in spike height. PANI sample prepared at higher temperatures (Fig.
3.8e-h) shows a further reduction in spike height. Increased reaction rate causes self-
aggregation among nanoparticles at higher polymerization temperatures [35]. This
study concludes that the polymerization temperature influences the texture of PANI.

Such nanostructured P3 electrode would be a better electrode for supercapacitors
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since it would possess built in pores with a higher surface area due to spikes on the
surface.

Fig. 3.8: FE-SEM images (a, b) P1, (c, d) P2, (e, f) P3, and (g, h) P4 electrodes at
magnifications (25 KX and 75 KX).

Fig. 3.9: Cross-sectional SEM images of a) P1, b) P2, ¢) P3, and d) P4 electrodes at
500X magnification.
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The cross-sectional SEM images of all PANI electrodes are shown in Fig. 3.9.
The rate of polymerization increases with temperature, indicating that the thickness of
PANI film also increases with temperature. The measured film thickness as for P1,
P2, P3, and P4 electrodes are about 0.8, 0.9, 1.0, and 0.7 um, respectively. An
increase in the temperature above 303 K stimulates a decrease in the polymer chains

propagation step, which results in decreased film thickness [24].

3.4A.1.4 BET and BJH studies:
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Fig. 3.10: The BET isotherms of a) P1, b) P2, c) P3, and d) P4 samples, and e) pore

size distribution curves of P1 to P4 samples.
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To assess the samples specific surface area and pore size distribution, a BET
study was carried out. The BET isotherms of PANI samples are shown in Fig. 3.10.
The type-1V isotherms for all PANI samples reveal the presence of mesopores with a
diameter ranging from 2 to 50 nm. The samples P1, P2, P3, and P4 show specific
surface areas of 6, 7, 25, and 21 m? g1, respectively (Fig. 3.10a-d), indicating P3
electrode has the highest surface area compared to others. The pore size distribution
curves for P1 to P4 samples (Fig. 3.10e) indicate that the average pore size and pore
volume of the samples P1, P2, P3, and P4 are 32.5, 37.1, 38, and 35.7 nm and 0.058,
0.0562, 0.238, and 0.19 cm® g%, respectively. The mesoporous structure of all
electrodes may facilitate electrolyte ion penetration and provide effective ion transfer
inside the electrode, resulting in enhanced electrochemical performance even at high
rates [36]. Significantly, P3 electrode have the largest surface area 25 m? g* than P1,
P2, and P4 electrodes.

In Fig. 3.10e strong peak appeared in the BJH pore size distribution of P3
electrode at 70 nm, indicate that the sample formed a more concentrated pore size
distribution at 70 nm [37]. The surface morphology is important in the charge storage
process of a supercapacitor electrode. Such a higher specific surface area and
mesoporous structure of P3 electrode, which attributed to the shortened diffusion path
distance due to pore size enlargement. Due to its higher surface area, P3 electrode
shows higher Cs than other electrodes. From this, it was concluded that the reaction

temperature influences the structure and properties of PANI [38].

3.4A.1.5 Contact angle study:

a) P1

R ——

Fig. 3.11: The contact angle images of a) P1, b) P2, c) P3, and d) P4 electrodes.
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The measurement of the contact angle is useful to find out the characteristics
of the interface between electrolyte and electrode. The wettability of a solid surface
has been considered an important factor to enhance the electrode capacity for reliable
charge storage and improve Cs [39]. The electrode surface is hydrophilic if the contact
angle is less (0 < 90°) and hydrophobic if it is larger (6 > 90°). Fig. 3.11a-d shows
contact angle images of P1, P2, P3, and P4 with values of 60°, 57°, 43°, and 62°,
respectively. Physical and chemical factors affect contact angle, such as the size and
shape of the particle, purity, and surface roughness, which change the values of
contact angle. As bath temperature rises, the topography of the electrode surface
changes, affecting wettability [17]. P3 has a higher hydrophilicity (43°) in all

prepared PANI samples, which increases the electrolyte interaction with the electrode.

3.4A.2 Physico-chemical characterizations of rGO/PANI thin films:

3.4A.2.1 XRD study:
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Fig. 3.12: The XRD patterns of rGO powder, PANI and rGO/PANI electrodes.

The XRD patterns of rGO, PANI and rGO/PANI composite thin films are
shown in Fig. 3.12. Peaks from SS substrate are present and denoted by the symbol
'A'. It does not display any desired peaks of material, showing that PANI and
rGO/PANI samples are amorphous [40]. The low concentration of rGO in rGO/PANI
composite electrodes is probably reason of the lack of a rGO peak in the XRD
analysis. Another possible reason for the absence of rGO peak might be in rGO/PANI
composite is due to minimum number of rGO sheets layered with PANI [41]. The
XRD pattern of rGO powder confirm rGO formation. According to JCPDS-Card No.
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41-1487, the (002) and (100) planes of graphite are represented by the primary
diffraction peak at 23.3° and the secondary peak at 43.1°, respectively [42]. The
distinct XRD pattern indicates the formation of rGO. However, Raman study
confirmed the existence of rGO in rGO/PANI composite. The PANI achieved
amorphous nature is more practical than crystalline because the deposition was
performed at room temperature, only the lowest energy is available, which is required
for particle arrangements in a particular direction. Due to this, ions may easily
intercalate and deintercalate inside the bulk of the amorphous electrode and the

electrode capacity to store electrochemical charge is increased [29].

3.4A.2.2 FT-IR study:
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Fig. 3.13: a) The FT-IR spectra, and b) Raman spectra of rGO, PANI and rGO/PANI
electrodes.

The FT-IR spectroscopy was used to determine the presence of bonding or
functional groups in rGO, PANI and rGO/PANI thin films, and the resulting spectra
are shown in Fig. 3.13a. The bands at 3429 cm ' are related to water -OH bending
vibrations [43]. In rGO spectrum, the stretching vibrations of CH» are responsible for
the two minor peaks at 2922 and 2853 cm™! [44]. The bands around 1604 and 1110
cm ! are attributed to sp? vibration plane of C=C bond and stretching vibrations of
rGO phenolic (C-O) group, respectively [45]. In PANI spectrum, the peaks of
absorption at 2922 and 2853 cm™! are produced by the N-H characteristics bond in an
aromatic ring connected to amines of PANI. A series characteristic peaks of
deformation of the aromatic quinoid ring at 1653 cm™! [32], stretching of a quinoid
ring at 1583 cm™!, while a benzenoid ring is stretched at 1465 cm™! and stretching

vibration of C-N at 1294 cm ™! [46]. The absorbance peaks of PANI at 1110 and 793
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cm !

correspond to C-H and N=Q=N stretching vibration mode, respectively [47].
The distinctive peaks of bare PANI as well as rGO peaks appear in the spectrum of
rGO/PANI composite. The synthesis of PANI and a composite film of rGO/PANI is

confirmed by FT-IR study.
3.4A.2.3 Raman study:

Raman spectroscopy was utilized to explore the chemical bonding properties
of the bare and composite thin films. The Raman spectra of rGO, PANI and
rGO/PANI, as seen in Fig. 3.13b, exhibit distinctive Raman peaks. The rGO Raman
spectrum shows two large peaks at 1362 and 1586 cm™ which correspond to D and G
band of rGO, respectively. The G band indicates the in-plane mobility of carbon
atoms, which is highly susceptible to strain and doping effects. The D-band depicts
defects and flaws in carbon plane caused by the development of grain boundaries
[48]. For bare PANI, the peak at 429 cm™ is ascribed to the out-of-plane C-N-C
deformation mode. A prominent peaks at 610 and 804 cm™! indicate quinonoid ring
C-H deformation and quinonoid ring C-H bending, respectively [49]. The peaks at
1184, 1362, 1409, and 1586 cm™ are attributed to the C-H bending deformation,
protonated C-N, C-C and C=C stretching, respectively [50]. The spectrum of
rGO/PANI composites exhibit the typical peaks of bare PANI and two rGO peaks,
which shows the existence of rGO and the formation of a composite thin film. The
In/lc ratio, determines the proportional number of disordered regions in the graphene
structure, which is 0.92 for rGO/PANI thin film. This indicates the formation of
certain rGO layers between PANI layers.

3.4A.2.4 XPS study:

Furthermore, XPS was utilized to study the material oxidation states and surface
elemental composition. For rGO/PANI film, the survey spectrum in Fig. 3.14a shows
that Cls and O1s could be distinguished with clarity, confirming the existence of
rGO, while the existence of PANI is indicated by a prominent N1s signal in the latter
sample. According to Fig. 3.14b, XPS spectrum of Cls from rGO shows four
components that are ascribed to C-C (284.7 eV), C-N (285.6 eV), C-OH (286 eV),
and C-O-C (288.8 eV) bonds [51]. The high resolution N1s spectrum of the composite
can be divided into three distinct components (Fig. 3.14c). Peaks are with binding
energies of 398.9 eV for the imine (-N=) and 399.4 eV for the amine (-NH-) groups;
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however, the peak at 400.2 eV is due to the positively charged nitrogen groups (N*) of
oxidized amine group [52]. As shown in Fig. 3.14d, the sample surface contains a
very high atomic percentage of oxygen, which is ascribed to different oxidation states
based on variations in the shape and position of the O1s peak. Three Gaussian peaks
are observed in de-convoluted O1s signal. The creation of an O-C bond is indicated
by the lattice oxygen peak with a 531 eV binding energy, while two further peaks
with binding energies of 530 and 532.9 eVs are ascribed to non-lattice oxygen from

the carboxyl and hydroxyl groups, respectively [53].
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Fig. 3.14: a) Full XPS survey, and fitted spectra of b) C1s, ¢) N1s, and d) O1s for
rGO/PANI electrode.

3.4A.2.5 FE-SEM study:

The surface morphologies of rGO, PANI and rGO/PANI thin films were
studied using a FE-SEM at two magnifications (5 KX and 10 KX) (Fig. 3.15). The
sheet-like structure of rGO (Fig. 3.15a and b) shows a few sheets of graphene stacked
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on over one another. Sheets can be observed as overlapping, wrinkled, crumpled, and
shrinking at the edges, which might be due to the oxygen groups being lost in the
process of reduction [48]. The PANI structure, which is composed of up of a
hierarchically interwoven structure consisting a network of spikes, is seen in Fig.
3.15c and d. Because of its spikes-like shape, a sizable specific surface area offers
high Cs and lower the electrolyte diffusion resistance of electrode materials, which
makes it suitable for supercapacitor applications [35]. Additionally, in rGO/PANI
composite, the presence of acidic aqueous media promotes the development of a
uniform, homogeneous composite that intercalates rGO sheets with PANI spikes (Fig.
3.15e and f). Due to the presence of functional groups such as -COOH, -OH, and -
CHO, rGO in turn provides the nucleation sites that allows formation of polymeric
chains of PANI. Here, PANI spikes might act as spacers to prevent rGO sheets from

restacking, producing a porous electrode with uniformly distributed material [54].
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Fig. 3.15: The FE-SEM images of a, b) rGO, c, d) PANI and e, f) rGO/PANI
electrodes at magnifications of 5 KX and 10 KX.
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3.4A.2.6 BET and BJH studies:
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Fig. 3.16: The N adsorption-desorption isotherms of a) PANI, b) rGO/PANI, and c)
pore size distribution curves of PANI and rGO/PANI samples.

Measurements of the N> adsorption-desorption isotherms are utilized to
analyse the porosity and specific surface area of PANI and rGO/PANI composite
materials. As seen in Fig. 3.16a and b, it displays a type- [V isotherms, according to
the TUPAC classification, which provides details regarding the mesoporous structure
(2-50 nm). The specific surface areas of PANI and rGO/PANI are 25 and 46 m? g !,
respectively. These results indicate that adding rGO nanosheets into PANI material
efficiently enhances surface area [41]. The distribution of pore sizes of PANI and
rGO/PANI composite is determined using the BJH technique. As shown in Fig. 3.16¢
the average radius of the pores are 19 nm (PANI) and 20.9 nm (rGO/PANI) indicating
the formation of mesoporous materials. The increased surface area with mesoporous
structure can provide hierarchical pathways for the electrolyte to penetrate and allow

for facile ion transport in the deep pore of particles [S5].
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3.4A.2.7 Contact angle study:

_______________________________________________________________________

b) rGO/PANI

Fig. 3.17: The contact angle images of a) PANI, and b) rGO/PANI electrodes.

Wettability is one of the most vital aspects of an electrode surface in
supercapacitor application which determines its supercapacitive behaviour. Surface
wetness is determined by the morphology and chemical composition of the electrode
surface. Fig. 3.17a and b show pictures of the contact angles between the surface of
PANI and rGO/PANI films and 1 M H2SO4 electrolyte. The contact angles are
measured to be 43° for PANI and 23° for rGO/PANI films. The porous nature of
rGO/PANI electrode increases its ability to interact with the electrolyte by providing a
huge number of active redox sites. This indicates that liquid enters a dispersed PANI
spikes network on rGO sheets that is porous, reducing the contact angle resulting in a

hydrophilic surface.

3.4B. Electrochemical characterizations:

3.4B.1 Electrochemical characterizations of PANI thin films:
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Fig. 3.18: a) Comparative CV curves of PANI electrodes at a scan rate of 50 mV s,
the CV curves at different scan rates of b) P1, ¢) P2, d) P3, and e) P4 electrodes, and

f) the variation of the specific capacitance with various scan rate of all PANI

electrodes.

The electrochemical measurement of P1 to P4 electrodes was studied in a

standard three-electrode cell system in 1 M H2SO; electrolyte. The CV curves for all

samples in the potential range of -0.2 to + 0.8 V/SCE are shown in Fig. 3.18a.
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Compared to others, P3 electrode has a greater current response and encloses
maximum area by the CV curve than P1, P2, and P4 electrodes, indicating that P3
film expedites electronic and ionic transports. Fig. 3.18b-e provides the CV curves
for P1, P2, P3, and P4 electrodes. It is seen that peak current and area under CV
curves quickly increase with increased scan rates from 5 to 100 mV s™*. The lower
scan rate resulted in more charge storage than the higher one because the SOz ions
from H>SO4 solution have more time to interact with the electrode material. The
PANI is a pseudocapacitive material; hence, the all CV curves are nonrectangular in
shape, indicating a faradic charge storage process. The Cs values for P1 to P4
electrodes calculated using Equation 2.12 are 369, 376, 816, and 242 F g1,
respectively at a scan rate of 5 mV s™1. With 25 m? g* specific surface area and 38
nm average pore size, P3 electrode shows the highest specific surface area, and
average pore size than those of P1, P2, and P4 electrodes. Increased temperature
causes an increase in the reaction kinetics, which allows more particles to aggregate
on the film surface, this causes barriers in particular regions of the porous structure of
PANI thin film. This results in a reduction in the specific surface area and average
pore size of P4 as compared to P3. Therefore, P3 increased Cs may be due to its
increased surface area. Moreover, the increased effective surface area and improved
Cs have been attributed to the wettability of the electrolyte on the electrode surface.
Despite having similar morphologies, PANI films exhibit different mesoporous
structures.

As a result, even if the morphologies remain similar, the contact angles vary.
According to the FE-SEM images, surface roughness rises continuously from P1 to
P3 and hence the contact angle reduces, but it increases again in P4 because of
overoxidation of PANI. The aqueous electrolyte can effectively make contact with
hydrophilic materials, resulting in lower charge transfer resistance and higher Cs of
supercapacitors. The Cs typically increase as the electrode thickness increases up to a
certain point due to the increase in ion accessible surface area and the rise in ion
transport route and thereafter fall down. The Cs variation with scan rate for all
electrodes are displayed in Fig. 3.18f. The decreasing Cs trend with rising scan rate
suggests that there is not enough time to perform reversible redox reactions on all
electrolyte ions at larger scan rate, and the inner surface of the electrode material is

inaccessible.

86



Chapter 111

1.2 1.2
—
a) 8 b) o P
0.9 - -9 » 1.0- o P2
0.6 @ ) o @ P3
. . 9 =
T _ e S 0.8 o P4 °
(=] @ @ - Linear Fit
0.3 _ 9 S e
< o .
%1 P = o1 ) o
27T ° <
2_0_3_ ,E @ P2 ;"0'4 * L] :
. @ P3 = 3 2
0.6 o P4 =< 02 9 §
- - - - Linear fit 9
0.9 +— T T r T T T T 0.0 T r T T T
06 08 10 12 14 16 18 20 22 2 4 6 8 10
A 1/2 -1\1/2
logv (mVs™) v’ (mVs™)
1401 ¢) P3 '
l:l Isurface

B [-2]
o (=]

Current contribution (%)
N

804
1 EU
26%

Scan rate (mV s

o

Fig. 3.19: a) Plots of log I vs. log v, b) plots of IV vs. v/ for PANI electrodes, and

c) contribution of capacitive and diffusion-controlled currents with scan rates for P3
electrode.

Analysis of the charge storage mechanism for P3 electrode is carried out using
the power law [56],

I, = av® (3.2)

where ‘Ip’ represents the peak current in ampere (A), ‘v’ stands for scan rate in V s 7,
and ‘a’ and ‘b’ are variable parameters. In Fig. 3.19a, slope of log I vs log v graph is
used to calculate ‘b’. There are two types of charge storage kinetics; one is diffusion-
controlled, while the other is capacitive [57]. If the electrode material shows
diffusion-controlled charge storage kinetics, the value of b = 0.5, and for capacitive
type charge storage kinetics, b = 1. The b value for P3 electrode is 0.70, indicating
that the charge storage kinetics involves both diffusion and capacitive processes. In
addition, the exact contribution of charge storage kinetics is carried out using the
following equation [58],
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I(v) = kv + kZVO'5 = Isurface + Ipuik (3.3)

where, lsurface and lpuik are capacitive and diffusion-controlled mechanism parameters,
respectively. The estimated slopes and linear fit intercepts from Fig. 3.19b used for
calculation of values of lsurface and Inui, respectively. The percentage of P3 electrode
charge that derives from both processes is shown in Fig. 3.19c. The current from the
diffusion-controlled mechanism rises as the scan rate decreases, and the resulting Cs
value increases. The capacitive process retains over 53% of the charge in P3 electrode
at a scan rate of 100 mV s™%, whereas this proportion declines to around 20% at a scan
rate of 5 mV s 1. The layered structure facilitates easy penetration of the electrolyte,

which significantly contributes to the diffusion-controlled process [59].

3.4B.1.2 The GCD study:

The comparative GCD plots of P1 to P4 electrodes at a 1 A g applied
current density are shown in Fig. 3.20a. In comparison to the other electrodes, P3
electrode has the greatest discharge time, indicating good electrochemical
performance due to the largest specific surface area (25 m? g1) than other electrodes.
The specific surface area of P4 is a little smaller (21 m2g™?) than that of P3 due to the
greater ratio of the mesopores in P4. At higher bath temperature increases over
oxidation of PANI which reduces its electrochemical activity in sulfuric acid solution
affecting its reversibility during charge and discharge cycles, and damaging its
conjugated structure [60]. Due to this, P4 electrode has low Cs.

The GCD plots for all PANI electrodes at different current densities from 1 to
3 A gt in the potential range from -0.2 to + 0.8 VV/SCE are depicted in Fig. 3.20b-e.
The quasi-triangular charge-discharge curves indicate a faradic transformation,
confirming the pseudocapacitive nature of PANI material. The Cs values of electrodes
P1, P2, P3, and P4 are 247, 269, 723, and 211 F g%, respectively at 1 A g2 current
density. Fig. 3.20f displays the curve of Cs vs current density for PANI electrodes.
The Cs decreased as the current density increased due to ion diffusion limitations

during fast charging-discharging.
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Fig. 3.20: a) The GCD plots of different PANI electrodes at a current density of 1 A
g%, the GCD plots at different current densities of b) P1, ¢) P2, d) P3, and e) P4
electrodes, and f) the variation of the specific capacitance with different current

density of all PANI electrodes.
3.4B.1.3 The EIS study:

The electrochemical impedance characteristic was evaluated using the EIS study
of PANI electrodes and Nyquist plots are displayed in Fig. 3.21a. The role of charge

transfer in energy storage is evaluated using EIS measurements. The equivalent circuit
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utilized to match the EIS data by an electrolyte resistance (Rs), charge transfer
resistance (R¢t), Warburg impedance (W), and constant phase element (Q) is illustrated
in the inset of Fig. 3.21a. The enlarged view of the plots is provided in Fig. 3.21b. At
the electrode/electrolyte interface, double-layer capacitance and the faradic reaction
create Rct, represented in EIS plots with a half circle on the Z’ axis in the high
frequency zone. The Q is produced due to electrode/electrolyte interface
inhomogeneity caused by surface texture, porosity, and disorder with diffusion [61].
Table 3.1 summarises the electrochemical impedance properties of PANI thin film

electrodes.
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Fig. 3.21: a) The Nyquist plots of different PANI electrodes (the inset shows
equivalent circuit), b) enlarged view of Nyquist plots, and c) the stability of P3

electrode over 3,000 cycles.

The P1, P2, P3, and P4 electrodes exhibit values of Rs = 0.5, 0.5, 0.2, and 0.6
Q cm 2, respectively. It is noticed that when specific surface area improves, R falls
due to a boost in the mean free path of the electron, but Rs rises for P4 electrodes due

to larger average pore size and lower specific surface area. The Rt for P1, P2, P3, and
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P4 electrodes is found to be 0.89, 0.88, 0.80, and 1.3 Q cm 2, respectively. The
variance in the R is significantly influenced by the electrode surface average pore
size, indicating that P3 electrode pores, which have an average size of 38 nm, make it

easier to make excellent contact with the electrolyte. So, the Rct decreases [62].

Table 3.1: The values of equivalent circuit components for PANI electrodes.

Electrodes | R,@em™) | Rut(Q em™) Q(F) W (mQ ecm™)
P1 0.5 0.89 0.74 0.250
P2 0.5 0.88 0.71 0.122
P3 0.2 0.80 0.9 0.11
P4 0.6 1.3 0.68 0.12

3.4B.1.4 The stability study:

One of the most significant aspects of supercapacitor application is the cyclic
stability of the electrode material. Using the GCD technique, the electrochemical
cycling stability of P3 electrode was assessed. The cycling stability of P3 electrode is
shown in Fig. 3.21c. The electrode shows 85% capacitance retention after 3,000 GCD
cycles performed at current density of 3 A g1. The synthesis method is suitable for
binder-free material deposition, as evidenced by the maximum electrochemical

properties and moderate stability observed for P3 electrode.

3.4B.2 Electrochemical characterizations of rGO thin films:

The electrochemical analysis of rGO thin film was performed in 1 M H2SO4
electrolyte at potential ranging from -0.2 to +0.8 V/SCE. The CV curves at scan rates
of 5-100 mV s displayed in Fig. 3.22a, illustrates the double-layer capacitance
characteristic of rGO. The GCD measurement at current densities ranging from 1 to 5
A gtis shown in Fig. 3.22b. This behaviour of rGO is indicated by the symmetrical
shape of the GCD plots. The rGO electrode shows Cs of 277 F gt a scan rate of 5 mV
stand 254 F gt a current density of 1 A g 1. The Nyquist plot of rGO electrode in
the frequency range between 0.01 Hz and 100 kHz is shown in Fig. 3.22c, and the
simulated equivalent electrical circuit is provided in the inset. The high frequency
intercept with the X-axis of the Nyquist plot the Rs (0.21 Q cm™2). The R for rGO
was 15.2 Q cm 2 The straight line behaviour in the lower frequency range is
attributed to ion diffusion in the electrolyte as the W. The electrochemical cycling
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stability of rGO electrode is further studied for 5,000 GCD cycles and corresponding
capacitive retention is plotted in Fig. 3.22d. After 5,000 cycles, rGO exhibited good

capacitive retention of 96%.
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Fig. 3.22: a) The CV curves at different scan rates, b) GCD plots at different current
densities, ¢) Nyquist plot (inset shows an equivalent circuit), and d) the stability over
5,000 cycles of rGO electrode.

3.4B.3 Electrochemical characterizations of rGO/PANI thin films:

3.4B.3.1 CV study:

The supercapacitive analysis of a rGO/PANI films was conducted in 1M
H2SO4 electrolyte. The CV curves of PANI and rGO/PANI for various scan rates in
the operating potential between -0.2 to +0.8 VV/SCE are displayed in Fig. 3.23a and b.
According to the CV curves, at low scan rates, the larger integral area promotes the
interaction between electrolytic ions and active species since it gives them more time
to interact and increase the number of redox reactions. However, when scan rate rises,
there is a low interaction or accumulation of (SO4)%, H*, and (HSO.) ions with

electrode because of their relatively short residence times, which limits the variety of

92



Chapter 111

interactions between active species and ions at the electrode/electrolyte contact.
Adding rGO to PANI matrix improves current responses and enhances redox peaks,
resulting in raised area under the CV curves, indicating that rGO/PANI composite
offer greater charge storage capabilities [63]. Equation 2.12 is used to compute the
electrode Cs values from the CV at various scan rate. For bare PANI and rGO/PANI

electrodes, the maximum C; values are 816 and 1130 F g~ at 5 mV s 1, respectively.
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Fig. 3.23: a) The CV curves of a) PANI, b) rGO/PANI, and c) the variation of the

specific capacitance with various scan rate of PANI and rGO/PANI electrodes.

The Cs variations for PANI and rGO/PANI electrodes materials with
respect to scan rate was displayed together in Fig. 3.23c. Because of n-n interactions
between sheets of rGO and PANI chain, high Cs was achieved in the composites,
indicating bonding between PANI spikes and rGO layers enhances supercapacitive
performance.

The properties of the electrode material are also evaluated using the current
value that is obtained from the CV curves. The response of the log I vs log v is seen in

Fig. 3.24a. The CV responses are analysed using a power law (Equation 3.2) and
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provide information about the kinetics of reaction at the electrode surface. According
to the slope of log I vs log v derived from the fitted linear curve, the ‘b’ value is
calculated. For PANI and rGO/PANI calculated ‘b’ values are 0.70 and 0.61,
respectively. Total charge storage is facilitated by diffusion-controlled and capacitive

charge storage mechanisms. These two charge storage mechanisms are differentiated

using the Equation 3.3.
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Fig. 3.24: a) Plots of log I vs log v, percentage current contribution of capacitive and

diffusion mechanisms for b) PANI, and c) rGO/PANI electrodes.

Fig. 3.24b and c¢ show charge contribution graphs of PANI and
rGO/PANI at various scan rate. As the scan rate drops, the current from the diffusion-
controlled mechanism rises, leading to an increase in the Cs value. At a scan rate of 5
mV s !, PANI electrode exhibits a greater charge storage through diffusion process,
accounting for approximately 80% of the total current. In contrast, for rGO/PANI
composite electrode, the current resulting from the diffusion process is about 71% at a

1

scan rate of 5 mV s . The drop in diffusion-controlled charge storage with

composition is due to the EDLC characteristic of rGO [59].
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3.4B.3.2 GCD study:
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Fig. 3.25: The GCD plots of a) PANI, b) rGO/ PANI electrodes at different current
densities, and c) the variation of the specific capacitance with different current
densities of PANI and rGO/PANI electrodes.

The GCD plots of PANI and rGO/PANI composite are displayed in Fig. 3.25a
and b at a current density ranging from 1 to 3 A g''. The rGO/PANI composite
exhibits the charge-discharge characteristics of both PANI and rGO, as well as a
longer discharge time, which suggests that the composite has a higher Cs. The
calculated Cs using Equation 2.13 are 723 and 1091 F g' at 1 A g~! current density
for PANI and rGO/PANI composite electrodes, respectively. The Cs variation with
different current density of PANI and rGO/PANI electrodes is depicted in Fig.3.25c.
The spikes of PANI cross link with one other to produce a framework equally
dispersed on rGO surface, allowing electrolyte to penetrate the interior surface and

fully utilize the active material [64].

95



Chapter 111

3.4B.3.3 EIS study:

At the interface, the charge transport characteristics of the electrode materials
are evaluated utilizing the EIS method. The high frequency portion of the Nyquist
plots in Fig.3.26a formed a semicircle, and virtually straight line at low frequency
portion. The inset of Fig.3.26a show the enlarged view of plots at high frequency
regions and electrical equivalent circuit made up of Rs, Ret, W and Q. It revealed that
in comparison to PANI electrode (0.2 and 0.80 Q cm™2), rGO/PANI composite
electrode showed lower Rs and Re values of 0.13 and 0.41 Q cm2, respectively.
These low Rs and Rct values demonstrate the better electrical conductivity and ion
diffusion of rGO/PANI composite, which results in excellent results as an electrode
material for supercapacitors.

3.4B.3.4 Stability study:

The cyclic stability of PANI and rGO/PANI electrodes was studied at current
density of 3 A g~! for 3,000 GCD cycles (Fig. 3.26b). The capacitive retention is 85
and 92% for PANI and rGO/PANI, respectively. More retention is seen in rGO/PANI
composite electrode as compared to PANI. The rGO/PANI thin film electrode
exhibited better cycling stability than PANI thin film electrode due to rGO
incorporation, which helped in fast electron transfer in rGO/PANI composite [65].

-20 T __120
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R = 100
-15 1 8 R H W O | TN
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Fig. 3.26: a) Nyquist plots (inset show an enlarged view of plots and equivalent
circuit), and b) specific capacitance retention over 3,000 GCD cycles of PANI and

rGO/PANI electrodes.
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3.5 Conclusions:

In conclusion, PANI and rGO/PANI composite electrodes were deposited on
SS substrate using CBD method. The composite film shows PANI spikes anchoring
on rGO sheets. The specific surface area of PANI increased from 25 to 46 m? g ! after
the addition of rGO. In comparison to PANI thin film, rGO/PANI composite electrode
enhanced electrochemical performance, achieving a highest Cs of 1130 Fgtata5
mV s scan rate in 1 M H,SOs electrolyte. With the addition of rGO, the value of Rs
decreased for rGO/PANI electrode (0.13 Q cm?) as compared to pure PANI (0.2 Q
cm™?). The rGO/PANI film electrode exhibited higher electrochemical cycling
stability (92%) in comparison to PANI film electrode (85%). As a result, rtGO/PANI

composite electrode is an intriguing material for supercapacitor applications.
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Chapter IV

4.1 Introduction:

Among the different pseudocapacitive materials used in supercapacitors, Ppy
have attracted much attention, either individually or as a composite. In
charge/discharge, Ppy experience irreversible volumetric expansion and contraction,
which limits their rate capacity [1]. As a result, improvement in the electrochemical
properties of Ppy can be achieved by incorporating graphene, specifically rGO
nanosheets, into an efficient composite structure. The EDLC materials show higher
Sp, good cyclic stability, but low Cs. However, with a quick and reversible faradaic
charge transfer process through the surface, pseudocapacitive materials can improve
capacitances for greater Se. Due to these factors, it is advantageous to combine
different materials with high conductivity and capacity, which may result in
significant benefits by incorporating their superior characteristics [2]. Additionally,
functional groups like -OH, -COOH, and -CHO of rGO offer superior defect sites for
the development of Ppy over rGO sheets. However, there is still a problem with the
synthesis of the composite electrode without using a binder on the conductive
substrate [3].

Considering above points, this chapter presents an analysis of the structural
and electrochemical characteristics of SILAR deposited Ppy and rGO/Ppy electrodes.
Layer structured rGO sheets with interconnected Ppy nanoparticles and an evenly
distributed porous shape were produced. The charge storing mechanism of composite
and bare electrodes was investigated using electrochemical techniques in 1 M H2SO4

electrolyte.

4.2. Synthesis and characterization of Ppy and rGO/Ppy thin films:
4.2.1 Introduction:

The electrode materials must be synthesized using a simple and affordable
method. According to these perspectives, SILAR method is used for producing Ppy
and rGO/Ppy thin films at ambient temperature on SS substrates. The present section
deals with the porous electrode structure is created by layer-by-layer (LBL)

deposition of rGO sheets followed by a SILAR method for Ppy deposition.

4.2.2 Experimental details:
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4.2.2.1 Chemicals:

All chemicals of analytical grade (AR) were purchased from Thomas Baker
Ltd., such as pyrrole monomers, APS, and H>SOs were used no additional
purification. As a solvent, DDW was used. The SS 304-grade sheet of thickness 0.05
mm was used to deposit Ppy and rGO/Ppy.

4.2.2.2 Synthesis of Ppy thin films:

A two beaker SILAR method was used to deposit Ppy thin films onto SS
substrates. The pyrrole monomers were polymerized using a chemical oxidative
polymerization process. The first beaker, 0.1 M pyrrole solution in 1 M H2SO4 serves
as a cationic precursor and in the second beaker, 0.05 M APS solution in 1 M H2SO4
was used as an oxidizing agent at room temperature. In a beaker containing pyrrole
monomer solution, the SS substrate was immersed for 10 s, allowing the adsorption of
pyrrole monomer on surface of SS substrate. This substrate was then immersed for 10
s in a beaker containing APS solution. Pyrrole was oxidized in this reaction step,
resulting in the formation of a black colored layer of Ppy on SS surface. In SILAR
method, film thickness is influenced by the rate of nucleus production and growth.
The film thickness increased as the number of deposition cycles increased. Hence, to
optimize film thickness Ppy thin films deposited at 30, 40, 50, and 60 SILAR cycles
are denoted as Ppy30, Ppy40, Ppy50 and Ppy60, respectively. After a certain
deposition cycles, a reduction in film thickness is observed due to the development of
an outer porous layer of the film, which may experience stress and eventually
delaminate, causing the film material to peel off.

Using the gravimetric weight difference method, the thickness of synthesized
films was determined using density of Ppy as 1.60 g cm™ (Equation 3.1). The
thickness of Ppy30, Ppy40, Ppy50 and Ppy60 are 0.25, 0.37, 0.50, and 0.42 um,
respectively as shown in Fig. 4.1. The thickness rose from 30 to 50 cycles and then
dropped after 50 cycles because of overgrowth of Ppy, which caused the film to
collapse. As the film thickness increases, it also increases the amount of mass
deposited on substrate, which reduces tension on the substrate and induces peeling of
the overgrowth mass [4].
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Fig. 4.1: The variation of thickness of Ppy electrodes with different SILAR cycles.

4.2.2.3 Synthesis of rGO/Ppy thin films:

[ Repeat Cycles

'\ rGO sheet
\

rGO/Ppy composite
rGO suspension Pyrrole Ammonium persulfate

(Beaker 1) (Beaker 2) (Beaker 3)

Fig. 4.2: Schematic illustration of rGO/Ppy thin film preparation by SILAR method.

In composite materials, the ratio between the constituting materials
significantly influences charge storage properties, especially when the materials
exhibit different charge storage mechanisms. For instance, in the current work, rGO
primarily stores charge via an EDLC mechanism, while Ppy contributes through a
pseudocapacitive mechanism. This contrast in behaviour has a profound impact on
the overall charge storage performance [5]. Additionally, increasing rGO
concentration enhances the adsorption of Ppy monomers on rGO sheets, a factor that

requires further study to achieve optimal supercapacitive performance. Considering
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these factors, we have studied optimized data of effect of different rGO
concentrations on the performances of rGO/Ppy composites for supercapacitors.
Thin films of rGO/Ppy composite were deposited using the three beaker
SILAR method, which included following steps: the SS substrate was dipped in the
first beaker for 40 s, containing rGO suspension of with varying concentrations from
0.5 to 1.5 mg mL™?, and dried for 20 s at ambient temperature. Further deposition
was followed by the process mentioned in the above section 4.2.2.2 for Ppy
deposition on rGO sheets. This completes one cycle of rGO/Ppy deposition, and 50
cycles of this were performed. For rGO/Ppy deposition, a SILAR coating system
(HOLMARC-HOTHO03A) was used. Fig. 4.2 depicts schematic illustration of
rGO/Ppy thin film preparation by SILAR method. During the composite material
deposition, positively charged pyrrole monomer is adsorbable to the negatively
charged rGO surface due to interfacial factors such as electrostatic forces, hydrogen
bonds, and n-7 stacking. Thin films produced with rGO dispersion 0.5, 1.0, and 1.5

mg mL ! concentrations are labeled as RP0.5, RP1.0, and RP1.5, respectively.
4.2.2.4 Material characterizations:
4.2.2.4A Physico-chemical characterizations:

All physico-chemical analysis of Ppy and rGO/Ppy thin films were carried out
in according to section 3.3.1.

4.2.2.4B Electrochemical characterizations:

A standard three-electrode configuration was utilized to carry out the
electrochemical measurement. The Ppy and rGO/Ppy electrodes served as the
working electrode (area 1 x 1 cm?), a SCE as a reference electrode and a platinum
plate as a counter electrode in 1 M H2SO4 electrolyte.

4.3 Results and discussion:
4.3.1 Growth mechanism of Ppy and rGO/Ppy thin films:

The process of chemical polymerization of pyrrole maintains electroneutrality
by incorporating anions from the reaction solution. Usually, these counterions are the

anions of the oxidant or its reduced product. Usually, the anions of the chemical
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oxidant or its reduced product are these counterions. In this study, APS is utilized as a
chemical oxidant during polymerization. The chemical reaction mechanism of Ppy
can involve the following reaction process (Fig.4.3) [6].

As the substrate gets dipped in the cationic beaker, the monomeric pyrrole
changes into pyrrolic cations in an acidic solution and adsorbs on surface of the SS
substrate. Afterward substrate is immersed in the anionic beaker then reacts with an
oxidant (APS) with one of the pyrrole electron by breaking the @ bond in pyrrole. In
order to form a pair, the free electron in one pyrrole attacks another pyrrole m bond.

This releases another free electron, which leads to the formation of polypyrrole chain.

/\E = e
/ \ + (NH,),5,05 — O /
N Ammonium \ N
'H 'H

| persulfate

Pyrrole

Polypyrrole

Fig. 4.3: The chemical reaction mechanism of Ppy formation.

The rGO and Ppy interact by non-covalent functionalization to generate a
nanocomposite material in which Ppy and rGO serve as electron donor and acceptor
properties, respectively. The charge transfer mechanism and structural relationship
between rGO sheets and Ppy are affected by a number of factors, such as APS to
pyrrole molar ratio, the number of SILAR cycles, the degree of protonation produced
by H2SOs4, and the different van der Waals interactions that occur. Dimer, semi-dine,
and trimer of pyrrole are produced by chemically oxidizing pyrrole monomer with
H>S0O4, which acts as a dopant. The nucleation mechanism that proceeds to pyrrole
monomer polymerization uses the trimer as a growth initiator. The negatively charged
rGO surface adsorbs this positively charged pyrrole monomer via interfacial forces
like electrostatic forces, hydrogen bonding, and stacking. The existence of functional

groups in rGO like carboxyl, hydroxyl, and epoxy groups induce the consistent
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distribution of Ppy matrix on rGO sheets, which are further maintained via interfacial
interactions. The layers of rGO nanosheet and Ppy are attached to each other by H-
bonds that form between rGO hydroxyl group and Ppy radical [7]. Stronger H-bonds
are produced as a response to the electrostatic forces of attraction generated by
protonated N, which is created from H2SOa, and single pairs on -OH saturated rings.
This enables the two molecules to bond properly. The composite is additionally
stabilized due to the existence of m bonds in the basal planes of rGO, and n-7 stacking
that takes place between the aromatic rings and quinoid rings of Ppy. Fig. 4.4 depicts

the reaction mechanism of rGO/Ppy composite electrode.
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Fig. 4.4: The chemical reaction mechanism of rGO/Ppy composite electrode.
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4.3.2 Physico-chemical characterizations of Ppy and rGO/Ppy thin films:

4.3.2.1 XRD studies:
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Fig. 4.5: a) The XRD pattern of Ppy powder, b) the XRD patterns, and ¢) Raman
spectra of Ppy and rGO/Ppy electrodes.

The XRD pattern of Ppy powder is shown in Fig. 4.5a. The wide diffraction
peak at 20 = 24.6° in XRD pattern demonstrates the amorphous nature of Ppy [8]. The
XRD patterns of Ppy and rGO/Ppy thin film samples in Fig. 4.5b does not display any
peak of the required materials other than SS peaks indicated by the symbol ‘A’;
confirming the all samples are amorphous. The absence of periodic structure of atoms
in Ppy sample was caused by the atomic shielding that exists between nucleated entity
and material layers that have been adsorbed [9]. Additionally, the structure of
amorphous material considerably improves the electrochemical properties by
enhancing the specific surface area and material structural flexibility, which permits
ions from electrolytes to diffuse more deeply into the active material [10]. The peak at
25.07° observed in XRD patterns of all RP series thin films is ascribed to (002)

109



Chapter IV

crystallographic plane of graphite (PDF No. 41-1487). The characteristic rGO peak

ensures formation of stacked rGO in Ppy material [11].

4.3.2.2 Raman studies:

The chemical bonding properties of rGO, Ppy, and RP series composite were
examined using Raman spectroscopy (Fig. 4.5c). The peaks in rGO spectrum at 1341
and 1586 cm ! associate with D and G bands, respectively. The D bands are ascribed
to the aromatic ring vibrations that occurred in the K-point phonons of the Aig
symmetry, which relate to the edges and structural defects. The G bands show first
order dispersion of the Ezq vibration mode, which is linked to vibrations of carbon
bonding having sp? hybridization. Furthermore, the degree of disorder is reflected the
D and G bands intensity ratio [12]. In Ppy spectrum, the peaks at 1586 cm™, is caused
by polymer backbones © conjugated structure. At 1341 cm™!, the peak related to the
ring stretching mode of polymer [13]. The Ppy C-H in-plane bending modes are
shown by the peak at 1055 cm™*. The two modest peaks at 992 and 938 cm™! indicate
ring deformation in the quinoid polaronic and bipolaronic structures, respectively
[14]. The RP series spectra show the characteristic peaks of rGO and Ppy. The ratio
(Io/lg) is one of the most important parameters in estimating the relative number of
disordered regions in graphene matrix. A larger ratio denotes fewer sp? domains and
larger defects [15]. Considerable disorder and the growth of stacked rGO in the

composite material are revealed by Ip/lc ratio for RP series composites equal to 0.94.

4.3.2.3 FE-SEM studies:

The Ppy and RP series thin film surface morphologies were captured at two
magnifications (5 KX and 20 KX) as displayed in Fig. 4.6. The FE-SEM images of
Ppy (Fig. 4.6a and b), display a spherical shape and form agglomerates. In RP series
composite (Fig. 4.6¢-h) exhibits graphene nanosheets evenly covered with Ppy
spherical particles, suggesting that the m-m interactions between the precursors
strongly restrict the restacking of rGO sheets. To prevent graphene sheets from
restacking, spherical particles can act as spacers, resulting in equally dispersed Ppy
material and formation of porous electrode. With increased rGO concentration from
0.5 to 1.0 mg mL™%, the sizes of spherical particles are variable and more rGO
nanosheets are covered with spherical particles. A large number of spherical particles

are seen for RP1.0 electrode. In addition, there are large voids and gaps created by the
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randomly interlinked particles over rGO sheets. Surface irregularity with gaps and
cavities improves ion movement by reducing diffusion lengths [16]. Changes in rGO
concentration influence the growth rate, which in turn affects the particle size of Ppy.
On the other hand, high rGO concentration (1.5 mg mL™) can result in a more
condensed structure because of graphene sheets collapse or restacking [5]. It is
evident that after adding the proper rGO concentration in Ppy material, additional Ppy
coated graphene sheets are accessible in the porous structure. The overlap of separate
sheets allows electrolyte ions to travel quickly and form a layered structure that

facilitates diffusion of electrolyte and accelerates redox processes.

< RPLS faeﬁ, '*ap,
|

Fig. 4.6: The FE-SEM images of samples a, b) Ppy, ¢, d) RP0.5, e, f) RP1.0, and g, h)
RP1.5 at magnifications of 5 KX and 20 KX.
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4.3.2.4 XPS studies:

The existence of the elements C1s, N1s, and O1s is shown by the common
spectral properties at binding energies of these elements in the XPS survey spectrum
(Fig. 4.7a) for RP1.0 sample. As seen in Fig. 4.7b, the deconvoluted C1s spectrum of
rGO shows five leading spectral peaks ascribed to C=C (284.4 eV), C-N (285.6 eV),
C-0 (286.3 eV), C=0 (287.9 eV), and O-C=0 (290.6 eV) [17]. The high resolution
N1s spectrum is composed of three separate components (Fig. 4.7c). For the imine
nitrogen (-N=) and amine nitrogen (-NH-) groups, the peaks possessed binding
energies of 398 and 399 eV, respectively. The nitrogen groups with a positive charge
(-NH*-) of the oxidized amine group are responsible for the peak at 400.3 eV [18].
The deconvoluted O1s signal shows three Gaussian peaks as seen in Fig. 4.7d. The
peaks located at binding energies of 531.03, 532.3, and 533.4 eV, which might be
attributed the existence of several oxygen functions such as C=0, O-C=0, and COOH

groups, respectively [19].
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Fig. 4.7: a) Full XPS survey and fitted spectra of b) C1s, c) N1s, and d) O1s for
RP1.0 electrode.
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4.3.2.5 BET and BJH studies:

The N2 adsorption-desorption isotherms for Ppy and RP1.0 along with their
pore size distributions are depicted in Fig. 4.8. Based on the IUPAC standard, these
isotherms demonstrated a type-I11 isotherm with a minor hysteresis loop suggesting
poorly developed porosity or presence of macropores structure [20]. For Ppy and
RP1.0 samples, the specific surface area is determined to be 18 and 41 m? g%,
respectively (Fig. 4.8a). The RP1.0 has a larger surface area and slightly increase in
porosity than Ppy (non-porous), demonstrating that the development of composite
material with rGO enhances the overall surface area and porosity of the material.
Large surface area of RP1.0 material can offer more active sites for ion
adsorption/exchange to boost Cs. Due to this, ions from the electrolyte can quickly
penetrate both the interior and exterior of the composite materials. Additionally, the
average pore size for Ppy and RP1.0 samples is 15.7 and 21.3 nm, respectively (Fig.
4.8b) which is adequate for ion electrosorption. Consequently, the composites inner
and outer surfaces are freely accessible to the ions from the electrolyte. Moreover,
RP1.0 has a higher pore volume (1.040 cm® g?) than Ppy (0.075 cm® g2). Therefore,
the electrode/electrolyte interaction will be enhanced by the composite material
having a greater surface area and more pore volume resulting in improved redox
capabilities [15].

18 - a) b) —a— Ppy
y —0—RP1.0
3
S
| .
L
>
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0 10 20 30 40 50

ro (nm)

Fig. 4.8: a) The N2 adsorption-desorption isotherms, and b) pore size distribution
curves of Ppy and RP1.0 samples.
4.3.2.6 Contact angle studies:

The measurement of the contact angle is useful to find out the characteristics

of the interface between the electrolyte and the electrode. Fig. 4.9a-c, exhibits rGO,
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Ppy, and RP1.0 thin films electrolyte contact angle photographs with values of 64°,
53°, and 41°, respectively. Hydrophilic surfaces can effectively make direct contact
with an electrolyte in supercapacitive applications. It is known that an electrode
surface with a hydrophilic nature is necessary for optimal performance in an

electrochemical supercapacitor [21].

a) rGO b) Ppy

Fig. 4.9: a) The contact angle photographs of a) rGO, b) Ppy, and c) RP1.0 electrodes.
4.3.3 Electrochemical characterizations of Ppy and rGO/Ppy thin films:

4.3.3.1 The CV studies:

The effect of rGO concentration in Ppy composition on structure and
morphology, as well as its subsequent impact is studied further for electrochemical
analyses. A three-electrode electrochemical cell setup is used for studying the
electrochemical characteristics of rGO, Ppy, and RP series thin film electrodes. The
comparative CV curves for rGO, Ppy, and RP series electrodes at a 50 mV s are
displayed in Fig. 4.10a within an optimal potential range of -0.4 to +0.6 V/SCE. The
raised CV curve area for RP1.0 electrode indicates a strong connection between the
specific surface area and CV curve, which results in a larger capacity to store charges
than the other electrodes.
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Fig. 4.10: a) Comparative CV curves at 50 mV s scan rate of rGO, Ppy, and
rGO/Ppy electrodes, the CV curves at different scan rates of b) Ppy, c) RP0.5, d)
RP1.0, and e) RPL1.5 electrodes, and f) the variation of the specific capacitance with

various scan rate of all electrodes.

Furthermore, as depicted in Fig. 4.10b-e, the CV curves from 5 to 100 mV s*
scan rates for electrodes of rGO, Ppy, RP0.5, RP1.0 and RP1.5. The rising area under
CV curves and shift in peak position with scan rate suggests pseudocapacitive

behavior of RP1.0 electrode. A faster scan rate in the redox reaction generates ion
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saturation or depletion in the electrolyte within the electrode, which mostly increases
the resistance of ions [22]. At the time of charging, electrolyte ions are intercalated
into the majority of the active electrode material and they are deintercalated at the
time of discharging. The Cs values of the electrodes are determined from the CV
curves at various scan rate using Equation 2.12. The largest Cs is determined to be
803 F glata5 mV st scan rate for RP1.0 electrode. Furthermore, as illustrated
graphically in Fig. 4.10f, the estimated values of Cs for rGO, Ppy, RP0.5, and RP1.5
are 330, 331, 586, and 629 F g, respectively. The rGO provides electron transfer

channels as well as functions as a spacer, resulting in the creation of smaller Ppy

particles sandwiched between rGO sheets, which conduct fast redox processes.
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Fig. 4.11: a) Plots of log | vs. log v, b) plots of Iv*2 vs. v*2 of RP series electrodes,

contribution of capacitive and diffusion-controlled currents with scan rates of c)

RPO0.5, d) RP1.0, and e) RP1.5 electrodes.
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The CV curve gives further quantitative information into the charge storage
process. The RP series composite electrodes charge storage kinetics were examined
using the power law (Equation 3.2).

The ‘b’ values, determined using the slope of Fig. 4.11a, are 0.68, 0.80, and
0.77 for RP0.5, RP1.0, and RP1.5, respectively. These values indicate that a
combination of surface and diffusion-controlled process is responsible for the charge
kinetics. Fig. 4.11b. displays the ki and k2 values, which are obtained from the slopes
and intercepts of the linear fit of the I/vY? and v' plot. The scan rate dependent
current response of RP0.5, RP1.0, and RP1.5 electrodes calculated from Equation 3.3
are depicted graphically in Fig. 4.11c-e. The total contribution at lower scan rate
indicates a more diffusion-controlled charge storage; conversely, raising the scan rate
results in enhancement in surface-controlled charge storage. Therefore, for RP1.0
electrode, the charge storage contribution from bulk of electrode is 63% at a5 mV s
and 28% at a 100 mV s! scan rate. The layered structure, which permits facile
electrolyte penetration, is largely responsible for the diffusion-controlled process

contribution.
4.3.3.2 The GCD studies:

To acquire a better understanding of the capacitive performance of rGO, Ppy,
and RP series thin film electrodes, the comparison of GCD measurement was
performed within -0.4 to +0.6 V/SCE at a current density of 1 A g%, as shown in Fig.
4.12a. The obtained results correlate with CV, showing that RP1.0 has the largest
discharge time among all the prepared electrode in this study, because of the immense
surface area and convenient pathway offered by the porous surface for
electrochemical processes. The GCD plots for c at several current densities (1to 5 A
gl) are shown in Fig. 4.12b-e. Discharge curves exhibit nonlinear behaviour at
various current density with a small initial IR drop, pointing to a faradic contribution
is supported to the EDLC mechanism of charge storage in RP series electrodes [23].
The highest Cs calculated from Equation 2.13 is 684 F gt at 1 A g current density
for RP1.0 electrode. At a 1 A g! current density, the values of Cs for rGO, Ppy,
RP0.5, and RP1.5 are 330, 331, 586, and 629 F g*, respectively. The Cs variation
with current density is depicted in Fig. 4.12f.
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Fig. 4.12: a) Comparative GCD plots of rGO, Ppy, and rGO/Ppy electrodes at 1 A g*
current density, the GCD plots at current densities from 1 to 5 A gt of b) Ppy, ¢)
RPO0.5, d) RP1.0, e) RP1.5 electrodes, and f) the variation of the specific capacitance
with different current density of all electrodes.

4.3.3.3 The EIS studies:

In order to comprehend the different supercapacitive properties, to perform the
EIS studies with a 10 mV amplitude and an operating frequency of 100 kHz to 0.1 Hz.
Fig. 4.13a displays the Nyquist plots for rGO, Ppy and RP series electrodes. A
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equivalent circuit was used to match the experimental results of the Nyquist plots
(inset of Fig. 4.13a), and Table 4.1 provides several types of parameters, including
Rs, Ret, and W. Each Nyquist plot shows a nearly straight line for the lower frequency
zone and a semicircle for the higher frequency zone.
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Fig. 4.13: a) Nyquist plots of rGO, Ppy and different rGO/Ppy electrodes (the inset
shows fitted equivalent circuit), and b) plots of capacitive retention vs number of

cycles of Ppy and RP1.0 electrodes.

According to the EIS data, RP1.0 thin film electrode exhibits excellent
electrochemical performance and low resistance. The formation of a binder-free
stoichiometric thin film requires an appropriate concentration of rGO in Ppy, allowing
for improved conducting characteristics in electrochemical processes. The RP1.0 thin
film exhibited this type of characteristics. Low rGO concentrations result in higher Rs
and Rt values, which might be due to a shortage of appropriate active sites, whereas
increases in R¢t value are observed as the concentration of rGO rises further due to
stacking of rGO sheets, disrupting the porous structure, which may restrict or slow
down the mobility of ion through the electrode. The appropriate rGO concentration
provides a quick pathway for flow of electron. Additionally, it contributes to the
electrode exceptional electrochemical capabilities by producing a porous surface that
enhances electrolyte transport and provides more electroactive sites for redox
processes [24].

Table 4.1. Electrochemical impedance spectroscopic data of rGO, Ppy and RP series

electrodes.
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Electrodes | R, (Q2 cm?) R (Q cm?) Q) W (Q ecm?)
rGO 0.59 19 0.871 0.026
Ppy 0.90 209 0.716 0.49

RP0.5 0.72 145 0.826 0.37
RP1.0 0.15 98 0.986 0.21
RP1.5 0.36 130 0.900 0.33

4.3.3.4 The Stability studies:

Another key parameter for assessing the performance of a good supercapacitor
is the material cycling stability. The electrochemical cycling stability of Ppy and
RP1.0 electrodes over 5,000 GCD cycles and the related capacitive retention are
presented in Fig. 4.13b. Over 5,000 cycles, Ppy and RP1.0 electrodes showed an
effective 83% and 90% capacitive retention, respectively. Faster transport of electrons
in RP1.0 composite was achieved by the inclusion of rGO, which led to RP1.0 thin
film electrode exhibiting superior cycle stability than Ppy thin film electrode.

4.5 Conclusions:

In summary, the facial SILAR method was used to synthesize rGO/Ppy
composite thin films on SS substrates. Variations in rGO concentration change the
growth kinetics of rGO/Ppy thin film electrodes, which influencing the materials
physico-chemical properties. Therefore, the average particle size decreased to 21.3
nm by adding 1 mg mL™ rGO to rGO/Ppy composite, which produced a porous
structure with an impressive specific surface area of 41 m? g'X. The innate redox
properties of rGO and Ppy, as well as their synergy with the maximum surface area of
RP1.0 electrode, give enhanced electrochemical properties with the highest Cs of 803
Fg!ata5mV s?scan rate. The electrochemical cycling stability of RP1.0 film
electrode (90%) is higher than that Ppy film electrode (83%). The findings
demonstrated that employing the facile SILAR synthesis method produced a
composite thin film of rGO and Ppy with tunable morphologies and specific surface
areas. Furthermore, the optimized RP1.0 electrode proved to be a suitable cathode

material for supercapacitor devices.
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Chapter V

5.1 Introduction:

The supercapacitor involves of two electrodes (cathode and anode) surrounded
by an electrolyte (organic or aqueous) and a separator that allows ion transport while
maintaining electrical isolation between the electrodes [1, 2]. Supercapacitor may be
classified into two kinds based on their configuration i.e SSCs and ASCs. SSCs are
simple configurations with two same electrodes and ASCs are an additional
configuration consisting of two distinct electrodes. If aqueous electrolytes are utilized,
the thermodynamic breakdown potential of water molecules determines the operating
voltage of supercapacitors. Due to ASCs and SSCs have distinct work functions and
working windows for their electrode materials, ASCs have a higher operating
potential while SSCs have a lower operating potential [3, 4].

Recently, numerous electrode materials have been used in the development of
ASCs. Carbon-based materials like graphene, CNTs, and AC are the most commonly
used materials for ASCs device fabrication [5, 6]. These materials have advantages
for this application because of their superior electrical conductivity, broad surface
area, ease of surface texture modification, and availability. Some examples of ASCs
device with carbon electrodes include NiCo204//AC [7], CoFe.04/CNTs//AC [8], and
MOF-CNT//AC [9]. However, the issues with using carbon-based materials as an
electrode material include graphene sheets restacking and the aggregation of AC and
CNTs. Another drawback that limits the practical usage of graphene-based electrodes
is their low Cs. Recent work has addressed these problems by fabricating and testing
ASCs with two pseudocapacitive electrodes for electrochemical properties. ASCs that
utilize battery-type or pseudocapacitive materials as the two electrodes such as
Dy.,Ses//MnO; [10], GO/Yb2S3//MnO2 [11], and NiCoLDH//Fe>03 [12].

A variety of metal oxides, such as tungsten, nickel, and ruthenium oxides, are
utilized as thin film electrodes in supercapacitors [13]. Among the various metal
oxides, tungsten oxide, an n-type transition metal oxide, has several uses. Tungsten
trioxide (WO3) is a highly versatile and interesting electrode material for a variety of
applications among the numerous types of tungsten oxide. The WO3 is commonly
used in aqueous batteries, oxidation catalysts, supercapacitors, and other industries
because of its less toxicity, abundant supplies, and simple production method [14].
Particularly in the supercapacitor field, WO3z is a promising material for negative
window electrodes. The WO3s superior supercapacitive characteristics can be

attributed to two aspects.
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From an electrochemical perspective, WO3 exhibits superior supercapacitive
characteristics such as a large theoretical capacitance (1112 F g!), in aqueous
electrolytes, a broad negative operating potential window (~0.8 V), excellent
electrochemical supercapacitive performance, resulting in less chemical corrosion of
current collectors. From an economic and environmental protection perspective, WO3
is inexpensive, easily available, and environmentally harmless [15]. Due to its
distinct physical and chemical characteristics, WO3 is an excellent material for
pseudocapacitor thin film electrodes.

Recently, researchers have focused on WOs as a negative electrode in ASCs
devices. The WOs thin films are prepared using a variety of chemical methods,
including as spray pyrolysis [16], electrodeposition [17], CBD [18], and hydrothermal
[19, 20]. Direct development of WO3 nanostructures on a current collector, without
the use of binders, can improve electrochemical performance significantly. This has
several benefits, including increased accessibility to electrochemically active areas,
enhanced cycle stability, increased contact with the current collector, and faster access
to electrolyte ions. The CBD is a cost-effective and simple method for creating a
binder-free WOz electrode. This method allows for adherent, consistent, and large-
area deposition. Consequently, the huge scale deposition of various inorganic
materials having a variety of structures and surface morphologies is prepared using
CBD method [21, 22].

This chapter describes the preparation of WOs3 thin films on SS substrates
using CBD method. The WOs thin films were analyzed using XRD, BET, FE-SEM,
and contact angle techniques. The electrochemical performance of WOz thin films
were evaluated using CV, GCD, and EIS techniques in 1 M H2SO4 electrolyte.

5.2. Experimental details:

5.2.1. Chemicals:

Analytical grade sodium tungstate (Na2WOs4), and hydrochloric acid (HCI),
sulphuric acid (H2SO4) were utilized with no further purification. As a solvent, DDW

was used and SS 304-grade measuring 5 x 1 cm? was used as the substrate.

5.2.2 Synthesis of WOs3 thin films:

The CBD method was utilized to deposit WO3 thin film. The experiment
details are as follows: 0.05 M Na;WO4 was dissolved in 50 mL of DDW, and dilute
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HCI was added dropwise into Na,WOQ;4 solution to maintain pH at 1.5+0.1. Due to
acidification, milky white or yellowish tungstic particles (H2WQO4) were formed. The
final solution was kept at 353 K while the SS substrate was immersed for 8 h. As
temperature increases, controlled nucleation formation takes place in the solution. On
the SS substrate surface, WO3 particles develop due to controlled heterogeneous
nucleation and particle growth [23]. The following chemical mechanism can be used
to describe the growth process of WO3 [24].

Na* and WO.? (metal ions) are released when NapWO4 dissociates into water.

Na,W0, » Na* + WOz~ (5.1)

Slowly adding dilute HCI to Na2WO4 solution produces yellowish clear tungstic acid
(H2WO4) at a pH of around 1.5+0.1.

Nai + WOZ~ + 2HCl - H,W0, + 2NacCl (5.2)

The decomposition of H,WO; initiates nucleation in the solution, resulting in the

formation of WOs3 nuclei.
H,WO0, - WO;+ H,0 (5.3)

The weight difference method was applied to determine the thicknesses of thin
films using a sensitive microbalance, considering that the developed material density
is the same as WOj3 bulk density (7.16 g cm™3). The WOj3 thin film thickness was
determined to be 1.5 um.

5.3 Material characterization:
5.3.1 Physico-chemical characterizations:

The physico-chemical characterisations of WO3 thin films were similar to that
of PANI thin films, discussed in section 3.3.1.

5.3.2 Electrochemical characterizations:

The electrochemical characteristics of WO3 electrodes were measured using
Zive MP1 electrochemical workstation. Electrochemical studies were conducted using
a typical three-electrode setup consisting of a counter electrode (platinum plate), a
reference electrode (SCE), and a working electrode (WOs electrode) with an active
material area of 1 x 1 cm?. An aqueous 1 M H2SOs4 solution serves as the electrolyte.

In the potential range of —0.6 to 0 V/SCE, the electrochemical experiments were
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carried out using CV and GCD techniques. EIS experiment was conducted at
frequencies between 0.01 Hz and 100 kHz with potential amplitude of 10 mV. The Cs
value of WOs electrode from CV and GCD experiments was determined using
Equations. 2.12 and 2.13.

5.4. Results and discussion:
5.4A Physico-chemical characterizations:

5.4A.1 XRD study:

a) A A - Stainless steel

Intensity (a.u.)

10 20 30 40 50 60 70 80

Fig. 5.1: a) The XRD pattern, and FE-SEM images at b) 2 KX, and ¢) 10 KX

magnifications of WOs electrode.

The XRD pattern of WOs thin film is shown in Fig. 5.1a. The diffraction
peaks are assigned to (002), (020), (200), (112), (022), and (202) crystallographic
planes of monoclinic WO3z (ICDD file no. 00-043-1035). The peaks identified by the
sign ‘A’ are those of the SS substrate. The low intensity of the diffraction peaks
indicates that WOs is nanocrystalline. The irregular arrangement of the particles in the
thin film facilitates simple and quick intercalation/deintercalation of the electrolyte
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ion inside the electrode material, which increases the number of accessible active sites

and improves electrochemical activities [25].

5.4A.2 FE-SEM study:

The surface morphology of WOs thin film is provided in Fig. 5.1b and c at a
magnification of 2 KX and 10 KX, respectively. Uniform thin film formation is
observed at a lower magnification whereas, at higher magnification, surface

morphology shows interconnected nanoflakes with 1 um length forming a flower-like

pattern.

5.4A.3 BET study:
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Fig. 5.2: a) The BET isotherm, b) pore size distribution curve, and c) contact angle

image of WOs electrode.

It is widely known that the electrode charge storage capacity improves
proportionately as the electrode material surface area rises. The N adsorption and
desorption isotherms are analyzed by the BET technique to determine the precise
surface area of WOs3 film. Fig. 5.2a displays the BET isotherm for WOz sample. It
shows the type-1V isotherm based on IUPAC standard, indicating a mesoporous
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surface. According to the BJH technique, Fig. 5.2b shows the curves of pore size
distribution. The WO3 showed specific surface area of 54 m? g with a mean pore
diameter of 9.64 nm. The pore size enlargement provides easy access for ion
conduction and decreases ion transport resistance, to enable a faster charge-discharge
process and improved electrical conductivity as additional charges interacts with the
surface [26].

5.4A.4 Contact angle study:

The contact angle image of WOs thin film is displayed in Fig. 5.2c. The
hydrophilic behaviour of WOs film is indicated by the contact angle value of 58°.
This kind of surface facilitates lower resistance during electrochemical processes.

5.4B Electrochemical characterizations:
5.4B.1 The CV study:

The electrochemical characteristics of WO3 thin film were measured in 1 M
H>SO4. The charge storage mechanism of WOz was studied using CV techniques
(Fig. 5.3a). The CV curves at various scan rates, from 5 to 100 mV s*. In relation to
the 5, 10, 20, 50, and 100 mV s™! scan rates, the values of Cs are 620, 567, 506, 418,
and 328 F g°!, respectively. The Cs of WOs electrode is comparable with previously
reported literature; for instance, Gupta et al. [27] prepared WO3 using wet chemical
method and achieved a Cs of 606 F g~'. Liu and coworkers [28] prepared WOs3 by
grafting hydrothermal method, which exhibited Cs of 2552 mF cm™. Zheng et al. [29]
synthesized by hydrothermal method and achieved a Cs of 538 F g~'. Kariper et al.
[23] developed WOz nano-sized particles using CBD method and exhibited Cs of 588
F g~*. This leads to the conclusion that WOj3 electrode synthesized using CBD method
improved electrochemical characteristics than than earlier reported WO3 electrodes.
The Cs variation with scan rate for WOs3 electrode is displayed in Fig. 5.3b. The
decreased Cs value is associated with a smaller interaction time that cannot enable

maximum contribution from the electrode at higher scan rates.

5.4B.2 The GCD study:

The GCD plots of WOs electrode at various current densities from2to 6 A g
are shown in Fig. 5.3c. The quasi-triangular charge-discharge curves indicate a
faradic transformation, confirming the pseudocapacitive nature of the material. There

is a direct correlation between the applied voltage and the electrode charge [30]. As
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the current density increased from 2 and 6 A g~!, Cs of WOj3 thin film electrodes

changed from 446 to 291 F g . The nanoflakes-like structure allows for a rapid

charge transfer and gives the highest Cs.
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Fig. 5.3: a) The CV curves at different scan rates, b) the variation of the specific
capacitance with various scan rate, c) the GCD plots at different current densities, d)

the Nyquist plot (the inset shows fitted equivalent circuit), and €) the stability over
3,000 cycles of WO3 electrode.
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5.4B.3 The EIS study:

The electrochemical impedance characteristic was evaluated using the EIS
study of WOz electrode and Nyquist plots are displayed in Fig. 5.3d. The role of
charge transfer in energy storage is evaluated using EIS measurements. The
equivalent circuit utilized to match the EIS data by an Rs, Ret, W, and Q is illustrated
in the inset of Fig. 5.3d. It revealed that WOs electrode exhibited lower Rs and Rt
values of 0.6 and 29 Q cm 2, respectively. Notably, WOj3 synthesized by CBD method
showed lower Rs value as compared to the previous studies. Gupta et al. [27] prepared
WO; electrode by wet chemical method and exhibited Rs of 1.45 Q ¢m™2. Shinde and
coworkers [31] prepared WOs electrode using hydrothermal method and achieved
1.85 Q cm 2 Rs value. Yao al. [32] synthesized WOj3 via hydrothermal method, which
exhibited Rs of 2.61 Q cm2 A WOs nanotube bundles as electrode materials
developed via hydrothermal method was reported by Wu and coworkers [33] with
exhibited Rs of 0.79 Q cm™2. These lower Rs value show that the excellent properties
of WOs electrode for supercapacitors because of its higher diffusion of ions and
electrical conductivity [34]. The electrolyte ions diffusion within the pores on the

electrode surface is shown by the value of W (6.9 Q cm™?).

5.4B.4 The stability study:

For selecting an electrode material for a supercapacitor, one of the most
essential factors is cyclic stability. The chemical stability of material is influenced by
several factors, including composition of material, concentration, working potential
window, electrolyte type, and current density during charging and discharging [35].
The stability of WOs electrode during electrochemical cycling is further studied for
3,000 GCD cycles, and corresponding capacitive retention is plotted in Fig. 5.3e.
After 3,000 cycles, WO3 electrode exhibited good capacitive retention of 86%.

5.5 Conclusions:

In summary, CBD method was used to synthesize WOs electrode on a SS
substrate. The FE-SEM analysis showed interlinked nanoflakes-like surface
morphology. With a contact angle of 58°, WOs thin film showed hydrophilic
properties. Furthermore, WOj3 electrode demonstrated Cs of 620 F g at a scan rate of
5 mV s 1. The WOs electrode exhibited low resistance parameters, including Rs (0.6 Q

cm2) and Ret (29 Q cm ) and over 3,000 GCD cycles, 86% of the capacitance was
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retained. This study indicates that, effective Cs and lower resistive parameters of WO3

electrode make it the best candidate as an anode in the fabrication of ASC devices
with CPs.
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6.1 Introduction:

Recent energy storage systems use the lightweight, portable supercapacitors
for their fabrication [1, 2]. Supercapacitors offer applications in wearable, portable,
and commercialized pocket electronic devices due to their mechanical flexibility,
small size, low cost, and environmentally safe energy storage [3, 4]. Energy storage
systems require improved Se and Sp through the use of various electrode materials and
electrolytes. Enhancing the device working voltage may be achieved effectively using
the asymmetric configuration of the supercapacitor [5]. In order to improve the
supercapacitor devices Sg, an asymmetric configuration of supercapacitors is more
desirable over a symmetric one [6-9]. Different combinations of the cathode and
anode, such as NiCoLDH//Fe.O3 [10], MWCNTs/MnO2 [11], NiWOQOu//Fe203 [12],
rGO//NiV20s [13], NiO, and NiC0204 [14], have been described in the literature.
Polymer gel electrolytes based supercapacitors have many advantages like reduced
size, leakage-free systems, effective ionic separators, exceptional electrochemical
stability over a larger range, and flexible supercapacitor configurations [15].

The CPs electrodes, including PANI and Ppy, can operate in a broad potential
range. Thus, combining polymeric gel electrolytes with these electrode materials can
significantly improve flexible supercapacitor performance. The WO3 electrode is the
best candidate as an anode electrode in the fabrication of flexible solid-state ASC
device due to effective Cs and lower resistive parameters of WO3 electrode as
compared to carbon-based materials. Additionally, easy synthesis process, low price,
and interesting redox properties of CPs based electrodes making them suitable for
developing flexible solid-state ASC devices [16, 17].

In this chapter, flexible solid-state ASC devices is built with rGO/PANI and
rGO/Ppy composite electrodes as the cathode, a WOs3 as the anode, and PVA-H2SO4
gel as an electrolyte as well as a separator. This chapter covers the development and
electrochemical performance analysis of flexible solid-state ASC devices in the
configuration of rGO/PANI/PVA-H2S04/WQO3 and rGO/Ppy/PVA-H2SO4/WOs.

6.2 Experimental details:

6.2.1 Introduction:

This section explains the electrode synthesis (rGO/PANI, rGO/Ppy, and WOs3),
polymer gel electrolyte (PVA-H2SO4) preparation and fabrication of rGO/PANI/PVA-
H2S04/WO3 and rGO/Ppy/PVA-H2S04/WOs flexible solid-state ASC devices.
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6.2.2 Electrode preparation:

The rGO/PANI thin films were synthesized using CBD method, while
rGO/Ppy thin films were prepared on flexible SS substrates using SILAR method.
Chapters 111 and IV provide the optimized preparative parameters for rGO/PANI and
rGO/Ppy thin film electrodes, respectively. The CBD method was used to produce
WO3 thin film electrode on a flexible SS substrate and optimized preparative

parameters of WOs electrode was described in chapter V.

6.2.3 Preparation of polymer gel electrolyte:

For manufacturing the flexible solid-state ASC devices, a gel electrolyte with
H>SO4 was prepared using water soluble PVA polymer. To make the gel electrolyte, 3
g of PVA in 30 mL of DDW was dissolved and stirred constantly for 4 h at 333 K.
Following that, 20 mL of a 1 M H,SO;4 solution was simply added and the resultant
mixture was rapidly stirred for 6 h until a transparent viscous appearance was
achieved [18]. The PVA-H2SO4 gel electrolyte was applied to the electrodes to
fabricate rGO/PANI/PVA-H2S04/WO3 and rGO/Ppy/PVA-H2SO4/WOs devices. The
evaporation rate of the electrolyte was reduced due to gel formation, which increased
the device cycle life.

6.2.4 Fabrication of flexible solid-state ASC devices:

The flexible solid-state ASC device was built using flexible electrodes
consisting of rGO/PANI (cathode) and WO3 (anode). Electrodes measuring 5 x 5 cm?
were utilized and plastic tape is used to seal edges to avoid short connections. The
entire electrode was coated with the polymer gel electrolyte, and was then allowed to
dry at ambient temperature. After drying, polymer gel electrolyte was applied to
electrodes to ensure appropriate contact with the electrolyte. After that, translucent
plastic strips were used to pack the electrodes tightly to prevent any leaks. Then for 3
h, the device was kept at 1 ton of pressure in a hydraulic press. For rGO/Ppy/PVA-
H2S04/WO3 ASC device, the same procedure was used.

6.2.5 Electrochemical characterization of flexible solid-state ASC devices:

In order to find an appropriate operating potential window of flexible solid-
state ASC devices, CV and GCD studies were carried out at varying scan rates and

current densities, respectively. Equations 1.2 and 1.3 were utilized to find out ASC
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device Se (Wh kg™!) and Sp (W kg '), respectively. The CV curves were conducted at
various bending angles in order to assess the flexibility of ASC devices. The ASC

devices cycling stability was examined over 5,000 cycles of CV and GCD studies.

6.3. Results and discussion:

6.3A Electrochemical studies of flexible solid-state rGO/PANI/PVA-H2S04/WOs3
ASC device:

Cathode electrode
(rGO/PANI)

) Gel electrolyte
rGO/PANI (PVA-H,S0))

electrode

l Anode electrode

(WO,)

Tungsten oxid
(W"?)g; Sestards rGO/PANI/PVA-H,SO,/WO, device
3

Fig. 6.1: Schematic of fabrication of flexible solid-state rGO/PANI/PVA-H2SO4/WOs3
ASC device.

The ASC was designed to explore the applicability of rGO/PANI electrode in
supercapacitor device. This ASC device was built with rGO/PANI as a cathode, WOs3
as an anode, and a polymer based PVA-H2SO4 gel electrolyte. Fig. 6.1 depicts the
schematic of fabrication of ASC device. Fig. 6.2a depicts the CV curves for WO3 and
rGO/PANI electrodes at a scan rate of 50 mV s™*. According to the three- electrode

tests, the cathodic working potential window of rGO/PANI is from —0.2 to +0.8
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VISCE, whereas WOs electrode exhibits an anodic working potential window
between —0.6 to 0.0 V/SCE. As a result, the designed ASC is able to perform within
the 0.0 to +1.4 V working potential range. To accomplish high electrochemical
performance of ASC device, charge balancing of two electrodes is essential.
Equation 2.11 was used to calculate the cathode to anode electrodes mass ratio. The
mass ratio (m*/m’) of two electrodes was determined to be 0.32. Charge balancing is
obvious when the combined charge value of two electrodes is the same, regardless of
the quantity of deposited mass.
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Fig. 6.2: a) Combined CV curves of WOz and rGO/PANI electrodes, and b) the CV
curves at different scan rates, ¢) the GCD plots at different current densities, and d)
the Nyquist plot (the inset shows an equivalent circuit) of rGO/PANI/PVA-
H2S04/WO3 ASC device.

At a working voltage of +1.4 V, the device exhibits greater area enclosed by
the CV curve, resulting in a probable increase in Sp and Se. Therefore, CV curves of
rGO/PANI/PVA-H,S04/WOs5 within 0 to +1.4 V at scan rates of 5-100 mV s! are
displayed in Fig. 6.2b. Even at measured scan rates, ASC gives typical
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pseudorectangular CV shapes, implying pseudocapacitive behaviour with quick redox
reaction kinetics of rGO/PANI and WOs electrodes. The Cs values for scan rates of 5,
10, 20, 50, and 100 mV s !are 117, 81, 62, 53, and 31 F g°!, respectively. Fig. 6.2c
displays the GCD curves of ASC device for current densities between 1.2 to 2.4 A
g'. The greatest operating voltage for water based electrolytes varies with the
electrode materials [19]. According to Equation 2.12, at a current density of 1.2 A
g~', maximum Cs obtained from the GCD curve is 88 F g~'. Bigdeli et al. [20]
fabricated phosphor-doped graphene oxide (PGO)@PANI/AC ASC device and
showed Cs of 27 F g~!. Roy and coworkers [21] prepared V20s-PANI//NiMn,Os ASC
device and achieved Cs of 71 F g'. The desired electrochemical performance is
attributed to the complimentary impacts of the constituent electrode layered structures
of pseudocapacitive PANI spikes and faradic rGO, which maintain their properties
even at high current densities.

A Nyquist plot of rGO/PANI/PVA-H2SO4/WO3 ASC device is depicted in
Fig. 6.2d, and an inset displays a well fitted equivalent circuit. The high frequency
portion of the Nyquist plot formed a semicircle, and virtually straight line at low
frequency portion. The high frequency intercept with the X-axis reflected an Rs, it was
computed as the sum of the intrinsic resistance of the active material, the
electrode/electrolyte contact resistance, and the electrolyte solution resistance. The
diameter of the semicircle in the high frequency zone was used to calculate the Rt.
However, at lower frequencies, the straight line displayed the ion diffusion behaviour
in the electrode pores i.e. W. It revealed that ASC device showed a smaller Rs and Rt
values of 0.12 and 47 Q, respectively. The small impedance value of ASC device
indicates excellent contact between electrodes and PVA-H2SO4 gel electrolyte.

The electrochemical processes are improved by such minimal impedance without
causing a significant ohmic loss at the interface of electrode and electrolyte [22].

The corresponding Cs determined from CV curves for different scan rate are
plotted in Fig. 6.3a. The Cs decreased with rising scan rate because of the fast
operation of charge storage over the potential window [23]. Fig. 6.3b demonstrates
the plots of Cs vs current density. The Cs decreased with current density because of

the fast operation of charge storage over the potential window.
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Fig. 6.3: Variation of specific capacitance with a) scan rate, and b) current density of
rGO/PANI/PVA-H2S04/WO3 ASC device.

The life of the supercapacitor is one essential factor that lowers the cost of
maintaining all portable electronic equipment and results in commercially viable
appliances. The cycling stability of ASC studied by CV at 50 mV s! over 5,000
cycles is depicted in Fig. 6.4a. After 5000 CV cycles the ASC provides 82%
capacitive retention. The degradation in capacitive retention might be caused by a
combination of the effect of active material delamination produced by ion insertion
and insufficient device sealing. Rashti et al. [24] fabricated ASC device using
NiC0204-PANI-rGO electrode and reported 78% stability retention over 3,500 cycles.
Lee et al. [25] fabricated ASC device using PANI electrode and reported 80% cyclic
retention after 3,000 cycles. Supercapacitors with liquid electrolytes have a relatively
poor electrochemical stability because of electrolyte evaporation and chemical
changes throughout cycling. Consequently, another option for liquid electrolyte has
been developed such as quasi-solid polymer gel electrolyte. These electrolytes
reduced rate of electrolyte evaporation results in long term stability.

To evaluate ASC device flexibility, the Cs were calculated at several bending
angles from 0° to 160° (Fig. 6.4b). The ASC device demonstrated 93% capacitive
retention at a 160° bending angle. Inset of Fig. 6.4b shows CV curves at various
bending angles. Additionally, the Se and Sp values of ASC device are computed and
displayed in Fig. 6.4c. The ASC device provided the largest Se of 32 Wh kg™' at 1152
W kg™! of Sp. The estimated Se and Sp values of ASC device are compared with
earlier reported PAN supercapacitors such as, AC//PANI-M90 (14.7 Wh kg™ at 378
W kg~ 1) [25], AC//MOF/PANI (23.11 Wh kg ' at 1600 W kg™!) [26], PANI-SrTiOs—
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250//AC (13.2 Wh kg ! at 299 W kg ') [27], and PANI-ZnCo0204//AC (13.25 Wh kg ™!
at 375 W kg') [28]. Among the ASC devices reported so far, the current
rGO/PANI/PVA-H>SO4/WOs3 device achieved comparable Se and Sp values.
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Fig. 6.4: a) The stability plot, b) capacitive retention after bending of the device at
various bending angles (the inset shows the CV curves at various bending angles), c)

the Ragone plot, and d) practical application to glow 201 red LEDs panel of
rGO/PANI/PVA-H2SO04/WO3 device.

To check the practical use of rGO/PANI/PVA-H,SO4/WO3 device, two
devices were connected in series, and charged at 2.8 V for 30 s. Two ASC devices in
series easily light up 201 light emitting diodes (LEDs) for 60 s (Fig. 6.4d). This study
demonstrated the practical use of rGO/PANI/PVA-H2SO4/WO3 device in various
portable electronic devices. The exceptional charge storage capacity is shown by the
reported initial output power of 25.2 mW cm2,

6.3B Electrochemical studies of flexible solid-state rGO/Ppy/PVA-H2S04/\WOs3
ASC device:

The ASC device was fabricated to evaluate the device level practical viability
of prepared electrode utilizing two-electrode approach. The ASC device was
assembled utilizing rGO/Ppy and WOs electrodes, which serve as a cathode and
anode, respectively, and PVA-H>SO4 as a quasi-solid gel electrolyte. Fig. 6.5 shows
the schematic of fabrication of an ASC device with the configuration of
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rGO/Ppy/PVA-H2SO4/WO3. The mass balancing Equation 2.11 is utilized for
calculating the proper mass ratio to the pair of both electrodes in order to enhance

ASC device capacity to store energy.

Cathode /
electrode ¥
(rGO/Ppy)

rGO/Ppy
electrode

electrolyte
(PVA-H,S0,) | f rGO/Ppy/PVA-H,SO,/WO,

device

Anode electrode S
(WO0,) WO, electrode

Fig. 6.5: Schematic of fabrication of rGO/Ppy/PVA-H>SO4/WO3 ASC device.

The CV curves for multiple potentials (ranging between +0.8 to +1.3 V) are
displayed in Fig. 6.6a, performed at a constant scan rate of 50 mV s™! to optimize the
electrochemical potential window of ASC. The working potential and the area
covered by the CV curves are the most effects on the value of Cs. As illustrated in
Fig. 6.6b, the CV profiles for the ASC device are acquired in a potential window of 0
to +1.3 V, at 5 to 100 mV s ! scan rates. While charging or discharging occurs in the
ASC device, (SO4)* ions from the electrolyte intercalate or de-intercalate at the
interface of rGO/Ppy electrode, and at the same time, (H)" ions intercalate or de-
intercalate at the interface of WQOj3 electrode. According to CV profiles, the device Cs
is56 Fg'ata5 mV s ! scan rate.

Similar to this, Fig. 6.6¢c shows the device relevant working potential (from
+0.8 to +1.3 V) selection for GCD with a constant 2 A g~! current density. Longer
charge-discharge times signify more capacity for storing charge at +1.3 V in GCD
plot, revealing that ASC device exhibits superior charge storing capability. Fig. 6.6d
illustrates the device GCD curves for currents density between 1.2 and 2.0 A g},
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across the working potential region of 0 to +1.3 V. According to calculations, the

ASC maximum Cs is 49 F g ! at a current density of 1.2 Ag™'.
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Fig. 6.7a and b show the variation of Cs with scan rate and charging current
density, respectively. The Cs decreased as the current density increased due to ion

diffusion limitations during fast charging-discharging.
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Fig. 6.8: a) Nyquist plot (inset shows fitted equivalent circuit), b) plot of capacitance
retention after bending of the device at various bending angles (inset shows CV
curves at various bending angles), c) plot of capacitive retention vs number of GCD
cycles, and d) Ragone plot of rGO/Ppy/PVA-H2S04/WO3 ASC device.

Additionally, as seen in Fig. 6.8a, the EIS technique is utilized to compare the
charge transfer mechanism of the ASC and the inset depicts the fitted equivalent
circuit. The ASC displays minimum Rs (0.3 Q) and R¢t (240 Q) values. These lower Rs
and Rt values in ASC device reflect superior capacitive behaviour and good
conductivity of rGO/Ppy and WOs electrodes. A higher Ret value implies that the
charge transfer to the electrode is more complicated. The layered electrode structure
of rGO/Ppy provides increased electro-active sites for electrochemical processes and a

vertical route for electron transfer and diffusion of ions; hence, it has good charge
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transfer kinetics, indicated by a relatively low value of Rs and R, resulting in an
increase in surface conductivity [29].

For supercapacitors to be used in a variety of portable electronic devices, their
mechanical flexibility must be ensured without losing their electrochemical
properties. To evaluate the effect of bending on the electrochemical characteristics
and the charge storage of ASC device, CV at a 50 mV s ! scan rate at different
bending angles were measured. The device photographs at various bending angles are
shown in Fig. 6.9. Fig. 6.8b illustrates the capacitance retention versus the bending
angle, revealing that the device maintains 91% of its initial capacitance even when
subjected to a twist at an angle of 160°. It was observed that the CV curves retain
their form even when the device is bent at 160° angle (inset of Fig. 6.8b), indicating
excellent contact between the active electrode material and the gel electrolyte as well

as high adherence of the active electrode material to the current collector.
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Fig. 6.9: Photographs of rGO/Ppy/PVA-H.SO4/WO3 ASC device at various bending

angles.

In addition to the mechanical flexibility, the ASC device has enhanced GCD
cycling stability when tested at a 1.2 A g~* current density over 5,000 cycles as shown
in Fig. 6.8c. After 5,000 GCD cycles, the device capacitance maintained at 79% of its
initial value, indicating a greater lifespan. Cycling can cause degradation of active
components, resulting in a decrease in Cs value [30]. Khoh et al. [31] fabricated
MnO2/rGO/ITO//Ppy/rGO/ITO ASC device and reported 75% stability retention over
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2,000 cycles. Yang et al. [32] fabricated Ppy-Ni//AC-Ni ASC device and achieved
82% capacitive retention after 2,000 cycles.

The crucial parameters for assessing the practical applications of
supercapacitor devices are Se and Sp. In this instance, estimated Se and Sp using the
formulas from Equations 1.2 and 1.3, respectively are represented in the Ragone plot
(Fig. 6.8d). The highest Se is estimated to be 12 Wh kg at 881 W kg Sp.
Additionally, the Sg remains substantial, reaching up to 9.8 Wh kg, with an
equivalent maximal Sp of 1176 W kg*. The estimated Se and Sp values of ASC
device are compared with earlier reported Ppy based supercapacitors. For example,
Zhu et al. [33] fabricated device using Ppy/rGO electrode and reported Se of 7 Wh
kgt at 89 W kg *. Lim and coworkers [34] fabricated C-Ppy/graphene based device
and obtained Se of 8 Wh kg™t at 115 W kg ™. Chee et al. [35] assembled device using
Ppy/GO/ZnO electrode and reported Se of 10 Wh kg at 258 W kg™X. Majumder et al.
[36] fabricated Ppy/CuO/Eu,0s-2 based device and showed Se of 4 Wh kgt at 249 W
kg1. Compared to other reported devices, the current ASC device obtained modest Se

with no substantial power consumption.

Fig. 6.10: Demonstration of glowing 201 LEDs panel using serially connected
rGO/Ppy/PVA-H>SO4/WO3 ASC device.

The ASC device practical application is exhibited using lightning LEDs from
two series connected devices. The ASC devices glow up 201 red LEDs for 40 s after
30 s of charging. Photographs captured during the ASC device discharge are
displayed in Fig. 6.10. At first, two series connected ASC devices were used to store
14.04 mW cm 2 of power.

6.4 Conclusions:

In conclusion, rGO/PANI/PVA-H,SO4/WOs3 flexible solid-state ASC device
was built with rGO/PANI as a cathode, WO3 as an anode, and a polymer based PVA-
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H2SO4 gel electrolyte. In the same way, rGO/Ppy/PVA-H2S04/WO3 ASCs device was
also assembled. The rGO/PANI/PVA-H,SO4/WO3 ASC device demonstrated superior
electrochemical characteristics, with a maximal Cs of 117 F g%, Se of 32 Wh kg%, and
Se of 1152 W kg . For rGO/Ppy/PVA-H,SO4/WO3 ASC device, the Cs, Sg, and Sp
were 56 F g%, 12 Wh kg and 881 W kg, respectively. Moreover, after 5,000 GCD
cycles, rGO/PANI/PVA-H2SO4/WO3 ASC device shown exceptional cycling stability
of 82%, whereas rGO/Ppy/PVA-H2SO4/WO3 ASC device demonstrated 79% cycling
stability. These flexible solid-state ASC devices showed excellent high-rate capability
and mechanical flexibility. In a practical demonstration, rGO/PANI/PVA-H2S04/WO3
and rGO/Ppy/PVA-H.SO4/WOs3 flexible solid-state ASC devices light up 201 red
LEDs by connecting two devices in series (with an overall area of 5 x 5 cm?). In the
initial stage, 25.2 mW c¢m™2 of power was dissipated via rtGO/PANI/PVA-H;S04/WO3
ASC device, and 14.04 mW cm™2 through rGO/Ppy/PVA-H2S04/WO3 ASC device.
According to the results, rGO/PANI/PVA-H>SO4/WOs3 flexible solid-state ASC
device shows better performance because of its large potential window. The present
research shows that rGO/PANI and rGO/Ppy electrodes can be utilized as cathode

materials to fabricate flexible solid-state ASC devices.
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Summary and conclusions

In recent years, electrical energy storage devices are now more easily
accessible, including batteries, capacitors, and supercapacitors. The supercapacitor
can hold charge quickly and have a better Sp than batteries. The supercapacitors are
commonly used in portable and wearable electronics, particularly medical and
defence-related application. The batteries are not appropriate for use in portable
electronic devices due to their short lifespan, minimal power, and safety concerns. In
contrast, supercapacitors provide improved Sg, environmental storage of energy,
greater Sp, and electrochemical cycle stability. Consequently, supercapacitor device is
developing quickly as an alternative to capacitors and batteries. These days,
supercapacitors are utilized in wide range of applications, including flash cameras,
telecommunications, hybrid electric vehicles, and power backup supplies, etc. In
hybrid electric vehicles, more power is needed to get started.

Hybrid electric vehicles rely on supercapacitors for their high starting power
and energy. The supercapacitors have limits with aqueous electrolytes, such as
smaller metal cations reduction potential and increased resistance to metal oxides. The
novel energy storage supercapacitor device, the flexible solid-state ASC device,
attracts attention because of its extended cycle life, high Sp, safety, and friendliness to
the environment. Further research into electrode materials is needed to improve the
performance of supercapacitors and address their limitations. The optimal active
electrode materials combined with a supportable electrolyte effectively increases the
flexible solid-state supercapacitor device power and energy capabilities quickly.

According to earlier studies, materials including metal oxides, CPs, and
carbon-based materials improve the electrochemical properties of supercapacitor
devices. CPs have special and significant characteristics, especially the capacity to
change between redox states and strong electrical conductivity like metals. Thus, the
fabrication of inexpensive and highly effective electrode materials of CPs family is
necessary.

The present work describes, synthesis of CPs (PANI and Ppy) thin films using
an easy, binder-free, and inexpensive chemical methods. The optimization of several
preparative parameters resulted in a highly porous structure with a larger specific
surface area, which significantly enhanced the electrochemical characteristics of
PANI and Ppy thin films. The composite thin films showed better supercapacitor

performance than PANI and Ppy thin films. As a result, for developing the flexible
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solid-state ASC device, positive electrodes were composed of composite thin films
exhibiting excellent electrochemical characteristics. Furthermore, WOz was utilized as
a wide potential window negative electrode. The work was divided into VI chapters.

Chapter | provides an overview and literature review of several CPs electrode
materials for supercapacitor application. It presents details on the methods used to
extract energy from various energy sources. It emphasizes the importance of storing
energy through renewable sources. This article describes the basics of energy storage
devices, including capacitors, batteries, and supercapacitors. There are descriptions of
the advantages of supercapacitors over batteries and capacitors based on power and
energy densities. The importance of thin films and nanostructures in materials is
briefly described.

The section provides a detailed explanation of the supercapacitor mechanism.
This covers the essential requirements of supercapacitors, including the active
electrode material. CPs play a significant role in supercapacitor application is
described including contributions from non-faradaic and faradaic processes.
Additionally, an overview of the literature on PANI and Ppy based electrode materials
for use in supercapacitors. Also, the literature review on rGO based CPs electrodes for
supercapacitors and their properties are included and lastly, the thesis purpose and
orientation are addressed.

Chapter 11 covers the introduction to thin films, a brief classification of thin
film deposition methods, the theoretical basis of CBD and SILAR methods, and
related preparative parameters. Additionally, a variety of characterisation techniques
are used in thin film structural and surface textural studies. Several characterisation
techniques, including XRD, Raman spectroscopy, XPS, FE-SEM, BET, and contact
angle measurement were utilized to assess the structural, morphological, and
elemental compositional characteristics. Last section of this chapter addresses
supercapacitors. It discusses the many types of supercapacitors, including symmetric,
asymmetric, and hybrid capacitors. There includes a detailed explanation of the
supercapacitive characteristics, such as cyclic voltammetry, galvanostatic charge-
discharge and electrochemical impedance analysis.

In Chapter IIl, the effect of temperature on the physico-chemical
characteristics and electrochemical properties of PANI thin films are studied. Chapter
I11 covers the synthesis and characterisation of PANI thin films utilizing CBD method
for evaluating electrochemical properties. The PANI films deposited at temperatures
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of 263, 273, 303, and 323 K. PANI film thickness increases with temperature,
achieving a maximum of 1.0 um at 303 K. Additionally, the modified Hummer’s
method for rGO synthesis is discussed. This chapter also covers the composition of
rGO with optimized PANI electrode using CBD method. The impact of rGO
concentration on rGO/PANI thin film electrochemical properties was studied. The
XRD and Raman analysis showed the formation of a rGO, PANI, and rGO/PANI thin
films. The FE-SEM analysis revealed PANI spike-like surface morphology and
composite film shows PANI spikes anchoring on rGO sheets. The PANI electrode
synthesized at 303 K showed a maximum Cs of 816 F g™* at a scan rate of 50 mV s,
and 85% capacitive retention after 3,000 GCD cycles. The introduction of rGO
nanosheets into PANI material efficiently enhances surface area of composite thin
films. Due to this, rtGO/PANI composite electrode showed a highest Cs of 1130 F g
ata 5 mV s ! scan rate in 1 M H2SO4 electrolyte and 92% cyclic stability after 3,000
GCD cycles. For P3 electrode, Rs and R values were 0.2 and 0.80 Q cm 2, whereas
rGO/PANI electrode were 0.13 and 0.41 Q cm 2 respectively. Therefore, by
combining rGO and PANI in an appropriate ratio, it is possible to modify the
structural and morphological characteristics and enhance Cs. In comparison with
PANI and rGO thin films, this chapter highlights the advantages of rGO/PANI thin
films.

Chapter 1V addresses the synthesis and characterisation of Ppy and rGO/Ppy
thin films using SILAR method. In rGO/Ppy thin films, the concentration of rGO in
the composite film affects the electrochemical characteristics. Therefore, the effect of
rGO concentration was examined. The effects of rGO on composition of chemical,
crystal structure, appearance, surface, and electrochemical characteristics were
examined. The rGO/Ppy thin films surface morphology varies based on rGO
concentration. The spherical shaped particles of Ppy thin film modified to large voids
and gaps randomly interlinked particles over rGO sheets. The rGO/Ppy thin film
showed a significant number of spherical Ppy particles deposited over rGO sheets.
The addition of 1 mg mL™ rGO to rGO/Ppy composite resulted in larger pore size
(21.3 nm), resulting in a porous structure with a remarkable specific surface area of 41
m2gt.

The supercapacitive characteristics of Ppy thin film were evaluated using CV,
GCD, EIS, and cyclic stability study. The highest Cs of Ppy electrode was 331 F g*
obtained at a scan rate of 5 mV s*. The quasi-triangular charge-discharge curves
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indicate a faradic transformation, confirming the pseudocapacitive nature of Ppy
material. The innate redox properties of rGO and Ppy, as well as their synergy, give
enhanced electrochemical properties with the highest Cs of RP1.0 electrode was 803 F
g ! at a scan rate of 5 mV s™1. The Ppy thin film stability significantly improved after
rGO composition, increasing from 83 to 92% after 5,000 cycles. The rGO/Ppy
composite electrode exhibited lower Rs and Re: values of 0.15 and 98 Q cm?,
respectively as compared to Ppy electrode (0.90 and 209 Q cm2). In conclusion, the
highest specific surface area of rGO/Ppy material reduces ion diffusion resistance, and
the greatest number of active sites exposed to the electrolyte improves penetration of
electrolyte ion into electrode.

In Chapter V, WOs3 thin films are synthesized using CBD method and
evaluating their electrochemical properties in 1 M H2SOs electrolyte. The WOs3 thin
film showed an average pore diameter of 9.64 nm and 54 m? g* specific surface area,
which exhibited hydrophilic properties. Furthermore, WOs3 thin film demonstrated Cs
of 620 F g at a scan rate of 5 mV s 1. The WOjs thin film electrode nanostructured
morphology, which consists of nanoflakes, is responsible for its low resistive
properties, including Rs and Re (0.6 and 29 Q cm™), and its cyclic stability of 86%
over 3,000 GCD cycles.

Chapter VI describes the fabrication process and electrochemical analysis of
rGO/PANI/PVA-H,SO4/WO3 and rGO/Ppy/PVA-H.SO4/WO3 flexible solid-state
ASC devices. For the fabrication of ASC device, negative electrode material with
excellent electrochemical properties is needed. Moreover, the production of solid-
state PVA-H>SO4 gel electrolyte is discussed in this chapter. The rGO/PANI/PVA-
H2>SO4/WOs flexible solid-state ASC device exhibited an operational voltage of +1.4
V because to the distinct working potential windows of rGO/PANI and WOs3
electrodes. It achieved a Cs of 117 F g~! and showed maximal Se of 32 Wh kg™! at Sp
of 1152 W kg™ !. The rGO/PANI/PVA-H,SO4/WOs device obtained 82% capacitive
retention after 5,000 CV cycles and high mechanical flexibility, sustaining 93%
capacitance at a bending angle of 160°.

Likewise, a rGO/Ppy/PVA-H,SO4/WO3 flexible solid-state ASC device
working at potential window +1.3 V exhibited Cs of 56 F g ' at a 5 mV s ! scan rate.
The device remarkable Se (12 Wh kg™') and Sp (881 W kg™!) show its capability for
practical uses. The rGO/Ppy/PVA-H,SO4/WO;3 device showed 79% of capacitive
retention over 5,000 GCD cycles and 91% after bending at an angle of 160°.
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In conclusion, we have synthesized thin film electrodes of PANI, rGO/PANI,
Ppy, rGO/Ppy, and WOs using binder-free, cost-effective chemical methods and
examined their properties. Table 7.1 summarizes the electrochemical characteristics
of PANI, rGO/PANI, Ppy, rGO/Ppy, and WOz. This table includes the material
preparation method, surface morphology, Cs, electrolytes, Rs, Ret, and cyclic stability
of electrodes. Among the all electrodes, rGO/PANI electrode deposited by CBD
method showed maximum Cs values of 1130 F g™! than rGO/Ppy electrodes deposited
by SILAR method. According to the EIS study, the extremely porous rGO/PANI
electrode offers a lower R, facilitating simple access for intercalation and
deintercalation of ions. These results show that CBD deposited rGO/PANI electrode
exhibited better supercapacitive performance than SILAR deposited rGO/Ppy
electrodes.

Flexible solid-state ASC devices were built based on the excellent
electrochemical characteristics of rGO/PANI, rGO/Ppy, and WO3 film electrodes, and
their supercapacitor characteristics were examined using CV, GCD, and EIS
techniques. Table 7.2 summarizes the electrochemical characteristics of
rGO/PANI/PVA-H2S04/WO3z and rGO/Ppy/PVA-H>SO4/WOs3 flexible solid-state
ASC devices. The flexible solid-state rGO/PANI/PVA-H2SO4/WO3 ASC device
exhibited maximum Cs of 117 F g! at a scan rate of 5 mV s™!. The cost effective
rGO/PANI and WO3 electrodes based supercapacitors can be useful for various

commercial applications in portable and foldable devices.
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Table 7.1: The electrochemical properties of PANI, rGO/PANI, Ppy, rGO/Ppy, and WOs thin film electrodes deposited using CBD and SILAR methods
in three-electrode system.

Potential Cs Rs Rt Stability
Material | Method Surface morphology Electrolyte window (Fg?h) | (Q@em™) | (Qcem™) (%)
(VISCE) @ cycles
P1 Spikes -0.2to +0.8 369 0.5 0.89 -
P2 Spikes -0.2to +0.8 376 0.5 0.88 -
P3 CBD Spikes 1M H2SOq4 -0.2t0 +0.8 816 0.2 0.80 85@3,000
P4 Spikes -0.2to +0.8 242 0.6 1.3 -
rGO/PANI Spikes on sheet-like structure -0.2t0 +0.8 1130 0.13 0.41 92@3,000
Ppy Spherical particles -0.4 to +0.6 331 0.90 209 83@5,000
RPO.5 Spherical particles on sheet-like structure -0.4 to +0.6 586 0.72 145 -
SILAR . . . 1M H2SO
RP1.0 Spherical particles on sheet-like structure 2o -0.4to +0.6 803 0.15 98 90@5,000
RP1.5 Spherical particles on sheet-like structure -0.4to +0.6 629 0.36 130 -
WO3 CBD Interconnected nanoflakes 1M H2SO4 -0.6t0 0 620 0.6 29 86@3,000
Table 7.2: The electrochemical parameters of flexible solid-state ASC devices evaluated using two-electrode system.
Configuration of flexible solid-state 1 1 1 Stability (%) | Flexibility
ASC device Cs(Fg?l) | Se(Whkg™)atSp(W kg Rs () Ret (€2) @ cycles | (%) @160°
rGO/PANI/PVA-H2S04/WOs3 117 32 at 1152 0.12 47 82@5,000 93@160°
rGO/Ppy/PVA-H2S04/WOs3 56 12 at 881 0.3 240 79@5,000 91@160°
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8.1 Recommendations:

In this study, CPs thin films particularly PANI and Ppy were synthesized
using CBD and SILAR methods. The enhancement of surface area led to an
improvement in these thin films ability to store charge. To achieve this, rGO was
composited with PANI using CBD and Ppy using SILAR methods. In comparison to
bare materials, the composite electrode was developed with the aim of increasing its
stability and specific capacitance. The incorporation of rGO into the composite
electrodes played a key role in enhancing their electrical conductivity and providing
additional active sites for electrochemical reactions. This addition not only increased
the charge storage capacity but also improved the cycling stability of the electrodes,
making them more suitable for long-term energy storage applications. The flexible
solid-state supercapacitor that was developed using these thin films possesses 32 Wh
kg ! energy density at 1152 W kg~! power density.

Finally, it is recommended that PANI thin films exhibited superior
electrochemical performance by CBD method, and Ppy thin films at 50 SILAR
cycles. An optimum 1.0 mg mL™' rGO concentration is for the best electrochemical
properties. It concludes that CBD is a useful chemical method to improve rGO/PANI
thin films supercapacitor properties. Furthermore, CBD offer expedient method for
resulting nanofibers with a large surface area and good electrical conductivity, which
have been useful for monitoring the porous surface morphology of rGO/PANI thin
film. Additionally, CBD provides an easy method to produce nanofibers with a
significant amount of surface area and high electrical conductivity, which have proved
helpful for controlling rGO/PANI thin films porous surface morphology. The
deposition methods simplicity and scalability make it suitable for industrial

applications with few modifications.
8.2 Future findings:

This work used CBD and SILAR methods to synthesis CPs thin films and
their composites with rGO. The addition of rGO enhances the pristine material entire
electrochemical properties, specific surface area, and electrical conductivity. The

future work is proposed as following:
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There are various carbon allotropes that may be utilized in place of rGO in the
composition, such as fullerene, carbon nanotubes, carbon aerogel, and carbon
foam.

Furthermore, the addition of other transition metals (Ni, Co, and Cr) to produce a
bimetallic compound may improve the electrochemical energy storage
capabilities of CPs based electrode material.

To better understand energy storage in CPs based materials, physical
characterization techniques including XRD, FE-SEM, BET, and XPS may be
used to examine changes in crystal structure, chemical composition, and surface
morphology.

Moreover, TEM and NMR in situ characterisation of ASC devices may provide
more understanding of the actual charge storage mechanisms.






%9 G/SL No 022145459

OER
i

INTELLECTUAL
PROPERTY INDIA

PATENTS | DESIGNS | TRADE MARKS
GEOGRAPHICAL INDICATIONS

YT HEITE,IRT G The Patent Office, Government Of India

Qe yHoT @ | Petent Certificate
@ Framaet &1 Faw74) | (Rule 74 of The Patents Rules)

Yde §./ Patent No. . 542485

eTaes §. / Application No. 202321016608

TEA HT & AE / Date of Filing D 18/03/2023

<l / Patentee :  D.Y.PATIL EDUCATION SOCIETY (DEEMED TO BE
UNIVERSITY)

STRHRE # 7 Name of Inventor(s) 1-PROF.CHANDRAKANT DNYANDEV LOKHANDE

2.MS.DIVYA CHANDRAKANT PAWAR 3.MR.AJINKYA
GOVINDRAO BAGDE 4.MR.SURAJ RAVASAHEB SANKAPAL

s fear Star @ 6 U9 @), STl ofaed ® gumehied "METHOD OF SYNTHESIZING REDUCED
GRAPHENE OXIDE/POLYANILINE COATING FOR ENERGY STORAGE APPLICATION THEREOF'

e AfaR & e, $de affgm, 1970 & Su€dl % SfaR &S dii@ 9™ 2023 % qied & § &9 ay &l
Hafy & fow 9 arged A @ 3

It is hereby certified that a patent has been granted to the patentee for an invention entitted "METHOD OF
SYNTHESIZING REDUCED GRAPHENE OXIDE/POLYANILINE COATING FOR ENERGY
STORAGE APPLICATION THEREOF' as disclosed in the above mentioned application for the term of 20
years from the 13" day of March 2023 in accordance with the provisions of the Patents Act,1970.

@A mﬁﬂ

AR B aE
21/06/2024 Controller of Patents

Date of Grant :

feaell - 39 Wee & T & fAC G, IR T/ S @1 A L, A 2025 & qWed T H 9 I 999 oo a9 7 I & 3 el

Note. - The fees for renewal of this patent, if it is to be maintained, will fall / has fallen due on 13" day of March 2025 and on the same

day in every year thereafter.

1M
l

¥
£
4




Publications




Journal of Energy Storage 79 (2024) 110154

ELSEVIER

Contents lists available at ScienceDirect
Journal of Energy Storage

journal homepage: www.elsevier.com/locate/est

Ener
Storagg

e

Research Papers

Check for

Facile synthesis of layered reduced graphene oxide/polyaniline (rGO/ o
PANI) composite electrode for flexible asymmetric

solid-state supercapacitor

D.C. Pawar®, D.B. Malavekar ", A.C. Lokhande €, C.D. Lokhande *"

& Centre for Interdisciplinary Research, D.Y. Patil Education Society, Kolhapur 416 003, India

Y Optoelectronic Convergence Research Center, Department of Materials Science and Engineering, Chonnam National University, Gwangju 61186, South Korea
¢ Applied Quantum Materials Laboratory (AQML), Department of Physics, Khalifa University of Science and Technology, P.O. Box 127788, Abu Dhabi, United Arab

Emirates

ARTICLE INFO ABSTRACT

Keywords:

Asymmetric solid-state supercapacitor
Polyaniline

Reduced graphene oxide

Successive ionic layer adsorption and reaction
method

For supercapacitors, composite electrodes with a combination of reduced graphene oxide and polyaniline (rGO/
PANI) have gained a lot of attention due to their synergistic effects. In this study, rGO-PANI composite thin films
were deposited on a stainless steel substrate with various mass loadings by successive ionic layer adsorption and
reaction (SILAR) method. The specific surface area rises from 13 m? g~ to 30 m? g~! with the introduction of
rGO. Due to the composition modification and specific surface area enhancement, the specific capacitance
(capacity) of 1348 F g~! (1255C g~!) was obtained at 0.89 mg cm ™2 mass deposition. Additionally, rGO/PANI/

PVA-H504/AC flexible asymmetric solid-state supercapacitor (ASSS) showed specific energy of 20 Wh kg™! at
specific power of 1198 W kg~ 1. The device maintained almost 96 % of C; at bending angle of 160° and 75 % over
5000 cycles. This work illustrates a simple way to improve the capacity and stability of PANI via rGO compo-
sition for supercapacitor applications.

1. Introduction

Production of a wide range of electronic devices that are helpful in
several fields, including aircraft, military, business, agriculture, medi-
cine, information technology, and others, highlights the significance of
effective energy storage devices like Lithium-ion batteries and super-
capacitors. Lithium-ion batteries enable our electronic devices to func-
tion throughout the day because they have a high energy density, but
they might take hours to recharge if they run out. Electrochemical ca-
pacitors, also called supercapacitors, are used for quick power supply
and recharging (i.e., high power density) [1]. Among the various energy
storage technologies, supercapacitors have gained a lot of interest,
especially because of their noteworthy qualities, including substantial
power density, the ability to charge and discharge quickly, and an
extended cycle life. The flexible supercapacitor has received consider-
able interest due to its mechanical flexibility and bending tolerance
required in modern wearable electronic devices [2].

Based on the methods used for charge storage, supercapacitor ma-
terials are divided into electric double-layer capacitors (EDLC), and

* Corresponding author.
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pseudocapacitor materials. The charge is stored in EDLC by electrolyte
ions adhering to the electrode material surfaces. The pseudocapacitor
charge-storage device primarily relies on transferring charge through
redox reactions on the electrode surface and in the electrolyte. Hence,
the term pseudocapacitance has been used to characterize the properties
of an electrode that exhibits capacitor-like behavior in its electro-
chemical properties [3]. Only carbon-based materials consisting of
graphene [4,5], carbon fibers [6], carbon aerogel [7], etc. have
demonstrated desirable flexibility; as a result, they have been exten-
sively explored for flexible supercapacitors. Conducting polymers (CPs)
involve polyaniline (PANI), polypyrrole (Ppy), and polythiophene (PT),
and transition metal compounds have also been largely composited and
studied for supercapacitor applications due to their prominent energy
storage properties [8-10].

In emerging materials, the two-dimensional and sp? hybridized
carbon material known as graphene has emerged as a promising choice
for next-generation flexible electrode materials. This is because gra-
phene sheets have a huge accessible surface area (2630 m? g’l), facili-
tating large double-layer capacitance. In addition, covalent sp? bonds
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Composite materials have gained significant interest for energy storage applications due to their possible syn-
ergistic effects. This work describes the synthesis of reduced graphene oxide (rGO)/polyaniline (PANI) composite
thin films using chemical bath deposition (CBD) method. A field-emission scanning electron microscope revealed
that PANI spikes coated on rGO sheets in rGO/PANI composite. The electrochemical studies of a rGO/PANI
composite electrode showed a specific capacitance (Cs) of 1130F/g Cs at a scan rate of 5 mV/s in 1 M HpSO4

electrolyte. The combined effect of rGO with PANI, a aqueous asymmetric supercapacitor device (ASC) with
configuration of rGO/PANI/H2S04/WO3 produced 97F/g Cs at a 5 mV/s scan rate and retained 82 % capacitance
after 5,000 galvanostatic charge-discharge cycles. The ASC achieved a high specific energy of 23 Wh kg™! at a
specific power of 732 W kg’l. The electrochemical properties of rGO/PANI composite indicate a feasible method
for creating asymmetric supercapacitors.

1. Introduction

Excessive use of non-renewable energy has raised global worries
about energy consumption and ecological balance. Thus, there is a
tremendous interest in the extraction and use of renewable but erratic
energy sources like wind, tidal, and solar energy [1]. To accomplish this
goal, significant progress needs to be achieved in the creation of energy
storage and conversion technologies that are highly efficient, environ-
mentally friendly, and affordable [2]. In term of new energy storage
technologies, supercapacitors are often used in mobile phones, electric
cars and laptops because of their quick charging, extended lifespans,
high specific capacitance, and safety [3-5]. Supercapacitors (SCs) may
be categorised into three groups based on the materials used for their
electrodes: electrical double layer capacitors (EDLCs), pseudocapacitors,
and hybrid supercapacitors. The value of specific capacitance for pseu-
docapacitor materials, resulting from the faraday charge storage pro-
cess, is several times greater than that of an EDLCs [6,7].
Pseudocapacitor materials involves conductive polymers and transition
metal oxides. Conducive polymers are considered as one of the best
materials for flexible supercapacitor electrodes due to its remarkable
benefits of excellent redox activity, electrical conductivity, and flexible
mechanical properties [8]. Among the several conductive polymers,
including polyaniline (PANI), polythiophene (PTh), polycarbazole and
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their derivatives, PANI is widely recognized as one of the most
economically valuable materials due to its benefits including simple
production, simple doping and dedoping, high electrical conductivity,
and strong environmental stability [9]. Although PANI molecular chain
undergoes repetitive contraction and expansion throughout the
charging and discharging process, which damages its conjugated struc-
ture and results in the electrode materials weak cyclic stability [10].
In EDLGCs, charges are accumulated at the electrode—electrolyte
contact and there is no charge transfer between them. Since no chemical
reactions involved in the charge storage process, it provides high
reversibility with improved cycle stability of SCs. [11]. Due to this,
graphene, a two-dimensional material is essential in EDLC as an elec-
trode material. Theoretically, graphene shows a large specific surface
area (2630 m?2/g), superior chemical stability, a relatively wide potential
range, and rapid electron mobility [12]. The stacking of n-n bond be-
tween graphene sheets causes agglomeration in graphene, which
changes its functionality and decrease the specific capacitance. Due to
these inherent limitations, there is a relatively low energy density [13].
As a consequence, the drawbacks of PANI and graphene can be solved by
combining them to create composite material for SCs. By adding reduced
graphene oxide (rGO) sheets in PANI matrix to improve their surface
area, electrochemical processes, diffusion route, and increasing energy
and power density. The non-covalent bonding of rGO sheets and PANI
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As electrochemical energy storage systems become more prevalent, there is a growing imperative to investigate
electrode materials that offer both flexibility and superior capacitive performance. In this research, a stainless
steel substrate was used to synthesize a composite of reduced graphene oxide/polypyrrole (rGO/Ppy) by simple
successive ionic layer adsorption and reaction (SILAR) method. The various rGO concentrations were used to
improve the material electrochemical characteristics. Field emission scanning electron microscopy images
revealed that Ppy particles were sandwiched between rGO sheets. At a 1 mg mL™! of rGO concentration, the
highest specific capacitance of rGO/Ppy composite was 803 F g~!, greater than Ppy (331 F g~1). The rGO/Ppy
composite exhibited remarkable cycling stability, retaining over 92 % of its initial capacitance over 5,000 cycles.
Furthermore, rGO/Ppy/PVA-H,S04/WOj5 flexible solid- state supercapacitor device revealed a specific capaci-
tance of 49 F ¢! at 5 mV s ! scan rate and showed a maximum specific energy (Sg) of 12 Wh kg ™! at a 881 W
kg~! specific power (Sp). This indicates that the optimized concentration of rGO in Ppy composite led to an
improvement in capacitive performance, and SILAR proved to be an effective method for preparing composite
electrodes.

1. Introduction conductivity, reduced thermal expansion coefficient, excellent electro-

lyte stability, larger surface area to mass ratio, and low cost. [6]. Due to

Improvements in renewable energy production are driving rapid
growth in the utilization of energy storage devices. In order to meet the
ever-growing requirements, supercapacitors have received substantial
interest because they have a longer lifespan than batteries and the ability
to provide significant specific power (Sp). Moreover, it has quick charge
and discharge times. The majority of commercial supercapacitors are
composed of carbon allotropes, which results in a low specific capaci-
tance (Cs) and specific energy (Sg) [1,2]. In contrast to solely
carbon-based materials, pseudocapacitive electroactive materials
include conductive polymers (CPs), like polyaniline (PANI), polypyrrole
(Ppy), etc., and transition metal compounds [3,4]. These materials
significantly increase the supercapacitors Sg by electrochemical revers-
ible redox processes across the electrode and electrolyte interface. An
abundance of electro-active sites for reversible faradic redox reactions is
provided by electrode materials with porous structures and excellent
conductivity [5]. The carbon-based materials offer superior

* Corresponding author.
E-mail address: 1_chandrakant@yahoo.com (C.D. Lokhande).
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these properties, recently, carbon-based materials especially graphene
derivatives have been the preferred supercapacitors electrode material.
In addition, the poor electrochemical stability of pseudocapacitive ma-
terials can be effectively compensated using reduced graphene oxide
(rGO) to improve cycle life of supercapacitors [7].

Among the different pseudocapacitive materials used in super-
capacitors, CPs have attracted much attention, either individually or as a
composite because of its unique characteristics, which include high
redox activity, electrical conductivity, and mechanical flexibility. While
CPs molecular chain is repeatedly contracted and expanded throughout
the charging and discharging process, causing damage to its conjugated
structure and weakening the cyclic stability of the electrode material
[8]. As a result, improving the electrochemical properties of CPs can be
achieved by incorporating graphene, specifically rGO nanosheets, into
an efficient composite structure. Further, numerous studies have shown
that this combination is significantly useful, enhancing the C; and
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Polyaniline (PANI) electrodes were prepared using chemical bath deposition method at various reaction bath
temperatures ranging from 263 to 323 K. The specific surface area and wettability of films are significantly
impacted by the polymerization temperature, which influences the electrochemical performance of electrodes.
The electrode synthesized at 303 K showed a maximum specific surface area of 25 m? g, specific capacitance
(Cs) of 816F g’1 (0.11F cm’z) at a scan rate of 0.005 V s’l, and 89% capacitive retention after 1,000 cyclic

voltammetry (CV) cycles. An aqueous asymmetric supercapacitor device was fabricated using PANI as a cathode
and tungsten oxide (WOs3) as an anode in 1 M HSO4 electrolyte. The fabricated PANI/H2S04/WO3 device
achieved a maximum Cs of 43 F g~! with an energy density of 12 Wh kg™! at a power density of 0.88 kW kg™*
and 72 % capacitive retention after 10,000 CV cycles.

1. Introduction:

In response to the fast growth of the global economy, the depletion of
fossil fuels, and the degradation of ecosystems, there is a critical need to
improve extremely effective, inexhaustible, and environment friendly
methods for the conversion and storage of energy. This has animated
advances in converting renewable energy through greenways and in-
novations related to electrochemical energy storage, i.e., super-
capacitors and batteries [1,2]. Because of their inherent electrochemical
properties, such as fast charge-discharge, long cycle stability, greater
energy density compared to capacitors, and larger power density than
ordinary batteries, supercapacitors have been explored as key enabler
for the next generation energy storage device. Supercapacitor materials
are split into three groups based on charge storage mechanisms: electric
double-layer capacitors (EDLC), pseudocapacitors, and battery-type
supercapacitors [3].

In EDLC capacitors, charge storage is caused by an electrostatic
process at the electrode/electrolyte interface. EDLC materials are
carbon-based, such as carbon nanotubes (CNT), activated carbon, and
carbon aerogel, etc. [4-6]. The pseudocapacitor charge-storage system
essentially depends on exchanging charge through the electrolyte and
electrode surface redox reactions. Pseudocapacitor materials include
transition metal chalcogenides and conducting polymers such as

* Corresponding author.
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polyaniline (PANI) [7], polypyrrole (Ppy), and polythiophene (PT)
[8,9]. The charge storage mechanism is based on strongly electro-
chemical redox reactions in battery-type materials, like Ni-based mate-
rials. Conducting polymers have unique and important properties, such
as high electrical conductivity like metals and the capability to transi-
tion between redox states. PANI is an excellent material among con-
ducting polymers and has been studied recently due to its easy synthesis
process, low price, and interesting redox properties applicable in
supercapacitor devices [10].

A convenient method for significant deposition on many substrates is
the chemical bath deposition (CBD) method. It is quite an easy and
cheap method compared to other methods. The development of nucle-
ation is essential for the formation of precipitates. The result of nucle-
ation in solution is that the molecular clusters produced quickly
decompose, and particles combine to grow the film to a particular
thickness. The controlled precipitation of the desired compound from a
solution of its constituents is the fundamental principle of the CBD
method [11,12].

The reaction temperature is more important in thin film preparation
since it impacts the rate of reaction, morphology, thickness, surface
wettability, and pore size, which determine the ions transport kinetics
[13]. However, a complete understanding of its impact on electrode
electrochemical activity is still lacking. The specific surface area of the
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Developing and fabricating effective, affordable electrode materials for supercapacitors is still a challenge.
Electrical conductivity, a large surface area, dynamic faster electron transport, and other customizable qualities
are present in metal oxide materials while being inexpensive to manufacture. In this work, successive ionic layer
adsorption and reaction (SILAR) method was employed for deposition of amorphous ruthenium oxide (RuO3)
thin films of different thicknesses on a stainless steel substrate. At 1.56 mg cm 2 thickness amorphous RuOy
achieved a maximum specific capacitance (Cs) of 1146 F g~ ! at a scan rate of 5 mV s~ with 87% capacitance

retention up to 5000 cycles. These findings bolster the idea of cost effective deposition of amorphous RuOy
material for supercapacitor applications.

1. Introduction

Enhancing the capacity of energy storage systems has certainly been
the subject of significant study worldwide because of growing need for
large-capacity power storage for use in hybrid electric cars, armed forces
gears, lightweight and versatile digital devices, and designate biomed-
ical gear [1-4]. However, the more accomplished energy that is sus-
tainable is not suitable to meet the energy storage demands. Hence, this
energy storage transformation is important for research as well as in-
dustries. Supercapacitor (SC) signifies a rising energy storage system
category that has drawn interest because it offers a greater energy
density than conventional capacitors. The SCs possess a higher capacity
for rapid charging and discharging and longer cycle life than recharge-
able batteries [5]. The electrode material is crucial in the design of SC. It
is effectively tuneable for the crucial electrochemical performances of
the SC. The taxonomy of SCs is classified in three kinds, such as electric
double layer capacitor (EDLC), pseudocapacitor, and hybrid capacitor,
based on their charge storage techniques. In EDLCs, energy storage
mechanisms arise from electronic and ionic charge processes that are
separated at the interfaces between electrode and electrolyte. The
EDLC-type behaviour has been shown by carbon-based materials, like
activated carbon, carbon nanotubes, graphene, diamond, carbon aero-
gel, etc. [6]. On the other hand, metal oxides/sulfides and conducting
polymers store charge mostly by a quick, reversible redox process that
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results in pseudocapacitance [7-9]. Here, electron transport takes place
chemically, producing the excess pseudocapacitance at a certain po-
tential. Here, charge storage is carried out by bulk of material,
enhancing the specific energy density and device capacitance [10]. Both
methods of charge storage reveal both beneficial and undesirable elec-
trochemical qualities. The efficiency of a single-charge storage method is
insufficient to compete with batteries. In this sense, the deployment of a
performance-oriented energy storage system requires the development
of a hybrid strategy. Both types of charge storage methods are included
in the hybrid strategy. The capacitive method increases device stability
and electronic conductivity by having a large surface area and an effi-
cient charge transportation path [11].

Ruthenium oxide (RuO-), one of the most popular metal oxide has
been extensively researched due to its enormous surface area, excellent
reversibility, and relatively high capacitance [12]. Recently, it has also
been revealed that RuO, has excellent electrocatalytic activity in a wide
range of electrochemical processes [13]. The stable RuO5 mainly adopts
the “rutile structure” of RuO,, even though it is observed in other var-
iations with respect to liquid hydrate. Its molecular orbital theory
effectively explained the thermodynamic stability and large isotropic
charge transportation characteristics of RuO,. Additionally, RuO, has a
long cycle life with tunable-metallic conductivity, multiple oxidation
states, and durable stability across a broad potential range. In fact, these
characteristics have greatly aided SC research. However, a few
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ARTICLE INFO ABSTRACT

Keywords: Composite materials incorporating graphene have emerged as promising candidates for enhancing both energy
Composite materials and power density in supercapacitors, owing to graphene’s exceptional electrical, mechanical, and chemical
Grapge“e . properties. These graphene properties enable the maintenance of cyclability without compromising performance.
Pseu, ocapacitor Over the last two decades, research on graphene and its derivatives has shifted from synthesis and applications to
Specific energy and power . . L. . . . o .
Supercapacitor exploring their compositional blends with various materials for broader applications. Graphene and its de-

rivatives like graphene oxide and reduced graphene oxide primarily consist of carbon, interconnected through ¢
bonds, responsible for impressive conductivity. This review presents a comprehensive overview of recent ad-
vancements in two dimensional (2D) graphene and its derivatives’ composites with pseudocapacitive materials
like transition metal compounds (hydroxides, oxides, chalcogenides, metalorganic frameworks, and MXenes),
conducting polymers, metal nanoparticles, and other organic materials for supercapacitor applications. We
highlight the evolution of synthesis and characterization methods for composite electrode materials, emphasizing
their relevance to practical applications. Key compositions and the underlying charge storage mechanisms are
also discussed. Finally, we explore the opportunities and challenges in using graphene and its derivatives’
composites for practical energy storage in supercapacitors.

Abbreviations: ACNRs, Activated polyaniline-derived hollow carbon nanorods; AgNPs, Ag nanoparticles; ASC, Asymmetric supercapacitors; ALD, Atomic layer
deposition; BPMW, Bi-pyrene-terminated molecular wires; BN, Boron nitride; CBD, Chemical bath deposition; CC, Carbon cloth; CWCC, Carbonized wood cell
chamber; CVD, Chemical vapor deposition; Co304, Cobalt oxide; CV, Cyclic voltammetry; DHAQ, Dihydroxyanthraquinone; EDL, Electric double-layer; EDLC,
Electrochemical double-layer capacitor; EES, Electrochemical energy storage; EIS, Electrochemical impedance spectroscopy; FTIR, Fourier transform infrared; Au,
Gold; G/AC, Graphene/activated carbon; G/SC, Graphene/soft carbon; GA, Graphene aerogel; GCD, Galvanostatic charge discharge; GO-CMC, Graphene-carboxy
methylcellulose; GO, Graphene oxide; GQD, Graphene quantum dots; hrGO, Holy reduced graphene oxide; HSC, Hybrid supercapacitor; IrOs, Iridium oxide; FeCoS,,
Iron cobalt sulphide; LDH, Layered double hydroxide; LICs, Li-ion capacitor; LIMCs, Li-ion micro capacitors; MnO,, Manganese oxide; MVO, Manganese vanadate;
MOFs, Metal-organic frameworks; CH4, Methane; MSCs, Micro-supercapacitors; MoS,, Molybdenum disulphide; MoSes, Molybdenum diselenide; MWCNT, Multi-
walled carbon nanotubes; NiO/NLIG, N-doped laser-induced graphene; NiCo-P, Nickel cobalt phosphate; NiV-LDH, Nickel-vanadium LDH; NSC, Nitrogen and sulfur
in carbon mircosheets; OCC, Oxidized carbon cloth; PANI, Polyaniline; PEDOT, Poly 3,4-ethylenedioxythiophene; PI, Polyimide; PPy, Polypyrrole; PTh, Poly-
thiophene; PGF, Porous graphene skeleton; GO, Reduced graphene oxide; RuO2, Ruthenium oxide; SEM, Scanning electron microscopy; SiC, Silicon carbide; SILAR,
Successive ionic layer adsorption and reaction; S-rGO, Sulfur doped graphene; SSC, Symmetric supercapacitors; TGA, Thermogravimetric analysis; 3D, Three-
dimensional; TEM, Transmission electron microscopy; TMCs, Transition metal chalcogenides; 2D, Two-dimensional; UCNG, Ultrafine Co30,4 nanoparticles/gra-
phene; XRD, X-ray diffraction; XPS, X-ray photoelectron spectroscopy; ZIFs, Zeolitic imidazolate frameworks.
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