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Abstract

In the modern world, both the energy crisis and environmental degradation are
serious issues. This is not just because the supply of fossil fuels, the major energy source,
will run out in the near future but also because the combustion of fossil fuels pollutes the
environment, particularly through the release of carbon dioxide and harmful pollutants.
However, due to the unpredictability and intermittent nature of some renewable energies,
such as wind and solar power, energy storage plays a noteworthy part in developing
sustainable energy production systems. Batteries of all different types, including Ni/MH,
Pb/PbO,, and lithium-ion batteries, are examples of devices that are utilized to store electric
energy and can deliver a high energy density. However, most batteries suffer from sluggish
power delivery or absorption, so they cannot fulfill the demand for faster and higher-power
energy. In this particular instance, a supercapacitor was developed to store and release
energy with a high-rate capability. Because of its high-rate capability has been perfectly
adapted to supply the electricity required by electric vehicles, tramways, diesel engine
starting, wind turbines, computers, lasers, cranes, etc. In this study, we studied the
influence of nanocomposites based on polyoxometalates (POMs) to enhance the
performance of various supercapacitor devices. POMs are a kind of polyanionic molecular
assemblies based on high-valent transition metal (Mo, V, W) oxide with large libraries of
polynuclear metal oxygen clusters known for their strong negative charge, customizable
sizes (usually on the nanometer to micrometer scale) and vast structural variation. Rapid,
reversible multielectron redox conversions have been investigated in several fields,
including pseudocapacitors. Researchers discovered that the synergistic effect between the

elements successfully delivers higher device performance for energy storage applications.

Keywords: Supercapacitor, conducting polymer, Activated carbon, Polyoxometalate,
Symmetric/Asymmetric devices, Specific capacitance, Energy density, Power density,
Cycle stability.
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1.1 Introduction

Energy has become an irreplaceable factor in our lives. The current condition states that
fossil fuels in various forms, like coal, oil, and natural gas, constitute 81% of total energy
consumption. The situation will get complex due to the increase in population, an elevated
standard of living, and the growth of numerous industries (Rajaitha et al. 2022). Current
fossil fuel reserves are estimated to sustain the demands of the global economy for 40, 60,
and 156 years for oil, natural gas, and 156 coal, respectively. (lordache et al. 2013; Luo et
al. 2015).

The rapid depletion of these non-renewable energy sources severely threatens the
worldwide economy. Fossil fuels are a serious environmental threat because they release
greenhouse gases and other pollutants, making them unfriendly to the environment. These
atmospheric gases emit cause air pollution and global warming. Consequently, it is vital to
identify an alternative source of renewable energy. Due to economic and environmental
concerns, numerous studies have been investigated to determine an alternate energy source
(Midilli et al. 2005).

In order to produce energy sustainably, renewable energy sources like wind and solar
power are essential replacements for fossil fuels. Sustainable energy is easily accessible
and environment-friendly but cannot fulfill storage for the distant future because of its
irregularities (Panwar et al. 2011). Consequently, the energy must be stored in a ready-to-
use manner. Batteries are one of the energy storage technologies capable of storing
significant quantities of energy and supplying power to consumer electronics and
automobiles. However, batteries have a low power density (PD), which makes them

unsuitable in the vehicle.

Future energy demand growth requires low-cost, lightweight, flexible, non-toxic,

environmentally friendly, high-performance energy storage devices. Scientists worldwide
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are researching ways to store and convert energy using sustainable energy materials.
Electrochemical supercapacitors (ESCs) can store energy and deliver it even at higher rates
than conventional batteries because of their high PD, fast charge-discharge process, and
long life.

Supercapacitors (SCs), also referred to as electric double-layer capacitors or ultra-
capacitors, are energy storage devices with extremely high capacity and low internal
resistance that can store and deliver energy at relatively higher rates than batteries due to
the energy storage mechanism, which involves a simple charge separation at the electrode-
electrolyte interface (Wu et al. 2010a). SC is made of two electrodes, an electrolyte, and a
separator that electrically separates the two electrodes; electrode material is the essential
part of an SC. The most effective applications for SCs demand applications with a short
load cycle and high dependability. Some examples of such applications are energy
recapture sources like forklifts, load cranes, and electric cars, as well as power quality
enhancement. SCs have unique qualities that make them suitable short-term energy storage
devices when combined with batteries or fuel cells. They can provide high power and store
energy gained from braking (Iro et al. 2016). Due to their high power, SCs can bridge the
short period between a power outage and the activation of backup generators. SCs have
more energy than regular capacitors but less than batteries or fuel cells. Surface area,
electrical conductivity, electrode wetting, and electrolyte permeability affect an electrode’s

electrochemical performance (Rajagopalan and Chung 2014).

Ragone Plot is a chart (as shown in Fig. 1.1) for all energy sources that give highly
important information on power and energy density (ED). It is a chart initially created to
compare the performance of batteries but has been used to explain and compare all energy
storage systems. This graph's horizontal axis depicts ED, and the vertical axis depicts PD.
The ED is the energy stored per unit mass (or per unit volume) or "how much" energy is
accessible. The PD is the quantity of energy delivered per unit of time, or "how rapidly”

energy may be produced.
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Contrary to batteries and fuel cells, conventional capacitors have a high PD but a poor

ED. In SCs, charge or discharge occurs very fast, but they cannot store much energy.

Whereas battery and fuel cells can save more energy, charge, and discharge take longer
(Table 1.1) (Bose et al.,2010).

Table 1.1 Comparison of Capacitor, Batteries, Fuel Cell, SC

Parameters Supercapacitors | Capacitors Batteries | Fuel Cells
Charge/discharge time 1 ms?s 1psims 1-10 Not
hours applicable
Cycle life (Cycles) Up to 1 million | More than 150- Not
Imillion 2,000 applicable
Energy Density (Wh 0.5-20 0.001-.03 30-265 500-2,000
kg™)
Power Density (W kg 5,000-10,000 >5,000 100- --1,000
) 3,000
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Cost per Wh 10-20 0.10-1.00 01-02 | 0.035-0.005
Operating Voltage (V) 1.0-5.5 6-800 1.2-4.2 0.6-0.7
Operating -40 to +85 -20 to +100 -20to +65 to
Temperature (°C) +65 +1000

1.2 Construction of a supercapacitor

An SC is a device with two electrodes connected ionically by an electrolyte and
separated by an ion-permeable membrane, or separator, as shown in Fig. 1.2. An electrolyte
is a medium comprised of both positive and negative ions. A collector layer is formed on
the two electrode’s outer surfaces to link the electrodes to the electrical circuit. Based on
their technique of charge storage, SCs may be divided into three categories: electric double-
layer capacitor (EDLC), pseudocapacitor (PC), and hybrid capacitor (HC) (Fig. 1.7) (Wang
etal. 2012).

9 W
¢

Fig. 1.2 Representation of SC (Murali et al. 2021).
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1.3 Taxonomy of supercapacitor

The operation of a SC is predicated on the storage and distribution of ions from the
electrolyte to the electrode’s surface area. Based on the energy storage method, there are
three kinds of SCs:

+«+ Electrochemical double-layer supercapacitor (EDLC)
+«»+ Pseudocapacitor (PC)

0,

%+ Hybrid supercapacitor (HSC)

The following flowchart provides a classification of SCs and a list of the materials used to
make SCs.

~

SUPERCAPACITORS

S

—[ Activated Carbons

Carbon Nanotubes
(CNTS)

—[ Graphene

J Metal Oxides
} —[ Asymmetric Pseudo/EDLC ]
—[ Carbon Aerogels ]

|| Conducting Polymers |

—[ Rechargeable Battery Type ]

—( Carbon Foam

Carbide Derived-
Carbon (CDC)

Fig. 1.3 Representation of SC flowchart.
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1.3.1 Electric Double Layer Capacitor (EDLC)

EDLC stores energy electrostatically by separating ions to create a Helmholtz double
layer (HDL) at the electrolyte-electrode interface (Fig. 1.4). When a voltage is placed
between the electrodes of a SC, charges build up on the electrodes, creating a potential
difference across the electrolytic medium. Due to the potential difference, positively and
negatively charged ions diffuse toward electrodes with opposing charges. In the meantime,
solvent molecules become polarized and adhere to the electrode’s surface, preventing the
combination of oppositely charged ions with the electrodes. Consequently, an electrostatic
double layer (or HDL) forms at the electrode’s surface. Each HDL may be seen as a
conventional capacitor with polarized solvent molecules serving as the dielectric media
(Gonzélez et al. 2016).
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Fig. 1.4 A mechanism of the electrochemical double-layer capacitors (Vangari et al. 2013).

The capacitance across the HDL is expressed as,

C= E0ETA 11
d
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Er is the relative permittivity of the electrolyte, where Eo is the permittivity of free space,

A surface area of the electrode, and d thickness of HDL (in order of nm).

According to Equation 1.1, the electrode material's porosity influences the electrode's
a SC's charge-storage capacity increases as the electrode material's porosity influences the
electrode’s effective surface area. The connection between a SC's porosity and capacitance
has been investigated by Largeot and colleagues (Largeot et al. 2008). They discovered
that pores that are close to that of ions yield the maximum capacitance values. According
to their findings, EDLC is capacitance depends on the total porous volume and pore size
distribution. In EDLC, there is no chemical reaction; therefore, it can withstand many
charging-discharging cycles and has a very long lifespan. Due to its rapid charge-discharge
capabilities can also provide a suitably significant PD (Choudhary et al. 2020).

1.3.2 Pseudocapacitor (PC)

PC store charge by a faradic process involving charge transfer between electrode and
electrolyte. When a voltage is supplied to a PC, reduction, and oxidation occur on the
electrode material, resulting in the transfer of charge across the double layer and the flow
of faradic current in the SC cell. Electrolyte ions typically move to the negatively and
positively charged electrodes when a voltage is placed between the two electrodes of a SC,
forming a double layer at the electrolyte electrode interface. Certain adsorbed ions of the

electrolyte penetrate the double layer and transmit their charge to the electrodes in a PC.

This charge transfer is caused by the highly reversible redox reaction processes,
intercalation, and electro-sorption. The faradic technique PCs utilize enables them to attain
larger specific capacitance and energy densities than EDLCs. Conductive polymers and
metal oxides are examples. Due to its faradic nature, there is a reduction-oxidation process,
much like in batteries. As a result, these materials suffer from a lack of stability during
cycling and a low PD. Fig. 1.5 represents the Mechanism of the PC (Chen and Dai 2013).
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Fig. 1.5 Mechanism of the PC materials (\Vangari et al. 2013).
Table 1.2 Comparison of Capacitor, Batteries, Fuel Cell, SC.
Parameters EDLC PC
Helmholtz double layer Faradic charge transfer
Charge storage
formation at throughout the bulk of the
mechanism
electrode/electrolyte interface interface
Specific capacitance 0.1-0.2 Fm? 1-5 F m?
Conducting polymers
Electrode materials Carbon materials. (CPs) or transition metal
oxides/sulfides.
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Specific energy 1.5-4 Wh kgt 10-15 Wh kg™*

Charging/Discharging
0.3-30s More than 30 s
time

Cycle life (in thousand
100-1000 20-100
cycles)

1.3.3 Hybrid supercapacitor (HSC)

The EDLC and PC are the two components that go into making up a hybrid SC. It
consists of two asymmetric electrodes, one with high pseudocapacitance and the other with
high electrostatics double-layer capacitance. The pseudocapacitive electrode increases the
supercapacitor’s specific capacitance, operating voltage, and specific energy. On the other
hand, the double-layer capacitive electrode offers superior cyclic stability and larger
specific power. The electrochemical performance of a hybrid SC can be said to be
significantly improved in this way. As a result, the majority of scientists and researchers
focused nowadays on the many different forms of hybrid SCs. It is also possible to
manufacture hybrid SCs by combining composites of pseudocapacitive materials with
double-layer capacitive materials (Choudhary et al. 2020). The Mechanism of the hybrid
SCis given in Fig. 1.6.
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Fig. 1.6 Mechanism of the electrochemical hybrid capacitor (Vangari et al. 2013)

Researchers are now concentrating their efforts on three distinct categories of hybrid
SCs, which may be separated from one another based on the arrangements of their

electrodes: composite, asymmetric, and battery-type SCs.

1.3.3.1 Composite Materials

In composite electrodes, metal oxides or a CP are combined with carbon-based
materials to create a single electrode with a physical and chemical charge storage
mechanism. Carbon-based materials provide a capacitive double layer of charge and a high
specific surface area, enhancing the interaction between pseudocapacitive materials and
electrolytes. A pseudocapacitive substance increases the capacitance of a composite
electrode via a Faradaic reaction, and it forms two distinct binary and ternary composites
forms of composites. Binary composites employ two different electrode materials, whereas
ternary composites use three different electrode materials to produce a single electrode
(Halper and Ellenbogen 2006).
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1.3.3.2 Asymmetric materials

Asymmetric hybrids combine non-Faradic processes with Faradic processes through
linking and EDLC with a PC electrode. The carbon substance acts as the negative electrode.
At the same time, metal oxide or CP is the positive electrode (Iro et al. 2016).

1.3.3.3 Battery-types Materials

Battery-type hybrids link two electrodes similarly to asymmetric hybrids, but they are
distinct in that they couple a SC electrode with a battery electrode. This particular design,
which combines the energy properties of batteries with the power, cycle life, and recharges
durations of SCs, responds to the demand for more energy SCs and higher-power batteries.
Nickel hydroxide, lead dioxide, and LTO (Li4TisO12) have been the primary materials

studied, with activated carbon as the other electrode (Halper and Ellenbogen 2006).
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Fig. 1.7 Charge storage mechanism of SCs, (a) EDLCs, (b) pseudocapacitors, and (c) HSC
(Swain et al. 2021).

1.4 Electrolytes for Supercapacitor

An electrolyte is significant in SC applications. It supplies a conductive medium

between the two electrodes. It determines several of the supercapacitor's distinctive
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features, including ED, PD, cyclic stability, equivalent series resistance (ESR), potential
window, etc. To improve the quality of a SC, its electrolyte ought to have high
conductivity, a broad electrochemically stable high thermal stability, a potential window,
and low toxicity. The classification of the electrolytes is given below in flowchart Fig. 1.8.

Electrolyte

Fig. 1.8 Flowchart for Classification of electrolytes (Zhong et al. 2015).

1.4.1 Liquid electrolytes

It contains an electrolyte that has a liquid phase. It is further classified into two types,

aqueous and nonaqueous electrolytes.

1.4.1.1 Aqueous electrolytes

The most often employed electrolytes for SC applications are aqueous. It offers a SC
with enormous specific capacitance and high conductivity (on the order of 1 S cm™). In

addition, it can be handled quickly and requires no special conditions. However, its small
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potential window ~1.2 V) reduces ED and limits its use. The aqueous electrolyte can be

further categorized into acidic, basic, and neutral categories (Zhong et al. 2015).

Acid electrolytes

Acid is an excellent electrical conductor; several researchers utilize acidic electrolytes
to fabricate SCs. The most common acidic electrolyte is 1 M H2SO4. Because of the
corrosive nature of the acidic electrolyte, which can lead to the breakdown of the current
collector, one must be extremely careful while selecting both the electrolyte and the current

collector for an acidic electrolyte (Shao et al. 2018).

Basic electrolytes

Basic electrolytes are naturally non-corrosive, which enables the use of low-cost metals
(such as Ni, Co, etc.) as the current collector. Since it has high ionic conductivity (0.6
S/cm), 6 M KOH is the most common aqueous electrolyte with a basic charge. However,
several articles on SCs include other basic electrolytes such as LiOH, NaOH, Co(OH),
etc.(Krishnan et al. 2015).

Neutral electrolytes

Neutral electrolytes are non-corrosive and have a relatively broad potential window.
Several researchers working on SCs have therefore utilized a wide range of neutral
electrolytes, including K2SOs, KCI, LiCl, KNO3z, NaCl, Li2SOs, Na;SOs, LiClO4, NaNOs,
Ca (NO:s)2, etc. The most often employed neutral aqueous electrolyte is Na,SO4 (Yan et al.
2014).

1.4.1.2 Non-aqueous electrolytes

Non-aqueous electrolytes are favored over aqueous electrolytes from a business
perspective because non-aqueous electrolytes have a wider voltage window (2.5-2.8 V)
and are less corrosive than aqueous electrolytes. The ED and PD of the SC are greatly

increased due to their wide voltage window.
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Often used organic electrolytes include triethylmethylammonium tetrafluoroborate
(TEMABF4), tetraethylammonium tetrafluoroborate (TEABF4), and spiro- (1,10)-
bipyrrolidinium tetrafluoroborate (SBPBF4). These electrolytes are typically dissolved in
organic solvents such as acetonitrile. This type of electrolyte is rarely extensively employed
despite having a high ED and PD. This is due to the several drawbacks of this type of
electrolyte, including its low conductivity, low capacitance, toxicity, flammability, and

expensiveness of components (Zhong et al. 2015).

1.4.2 Solid electrolytes

The development of electrochemical energy devices based on solid-state electrolytes
has attracted significant interest in recent years. The solid-state electrolytes can serve not
only as the ionic conducting media but also as the electrode separators in the system. The
primary benefits of solid-state electrolytes are the ease of packaging and fabrication
methods for ESCs and the absence of liquid leakage. Little research has been done on
inorganic solid materials, and the bulk of solid-state electrolytes developed for ESCs to

date. Generally, it is divided into two.

1.5 Separator

The term "separator” refers to the barrier that plays a functional role between the two
electrodes. It is responsible for critical activities that keep the cell alive. Poor quality
separators can have a negative impact on the overall performance of the cell by causing an
increase in the amount of resistance present. While in the worst situation, the possibility
exists that the entire cell may have a short circuit. As a result, choosing the separator is an
essential step that must be completed before the cell can be formed. The separators are
made up of various materials, including glass, paper, ceramics, etc. In addition, polymer-
based separators, which are characterized by their low cost, porous nature, and flexibility,
have seen widespread application in SCs. When choosing the separator, the following
factors are considered (Muzaffar et al. 2019).

= Separators must not carry electricity.
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= |t should be able to determine the minimum ionic resistance from the permeability
of ions through the electrolyte.

= Separators should be easy for the electrolyte to hold to.

= |t should supply mechanical resistance to counteract the pressure and volume
changes happening within the cell. These alterations may result in cell expansion.

= Adding a chemical offers intrinsic resistance to the electrolytes and electrode

materials.

1.6 Current Collector

The performance of active materials with insufficient conductivity might benefit from
adding current collectors to the system. The current collector acts as a conduit for the
current flow between the electrode and the current source and between the electrode and
the external load. Additionally, the current collector is responsible for the secondary
function of dispersing heat that is created within the cell. Additionally, current collectors
are associated with the process of recharging the electrodes after they have been used. It
has good electrical conductivity and can survive the harsh conditions of the cell while also
preventing chemical deterioration caused by the electrolytes. Aluminum, steel, iron, and
alloys are some materials that can be used as current collectors (Lei et al. 2011; Wu et al.
2009).

1.7 Fundamental Supercapacitor Definitions and
Measurements

1.7.1 Capacitance (C)

The SCs capacitance is a constant property measured in Farad (F). It is related to the
amount of electrical charge Q (in Coulombs) that can be stored in the SC when it is at its
rated voltage Vg, according to the following equation:

C=0Q/Vg 1.2
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The suggested standard method for measuring capacitance is the “constant current
discharge method" and is based on the discharge curve. The capacitance is calculated using
the following equation:

_ Ity
V1-V2)

where | (in A) is the discharge current, to-t; is the discharge time difference, and V1-V2 is

1.3

the potential window employed. This approach is primarily predicated on the premise that
the discharge behavior of the SC stays linear.

An alternate solution can be implemented to reduce the potential voltage differences
caused by the discharge curve's nonlinearity. The ‘energy conversion capacitance approach'
is then recommended for calculating the SC capacitance; it is derived from the energy

equation:

E
VZ-VZ

C=2 1.4

where E, in Joule (J), is the amount of energy efficiently discharged when the SC voltage
changes from V1 to V2, where V1 and V: are the starting and ending voltages (Conte 2010).

1.7.2 The energy density (ED) and efficiency

Electrical energy can be evaluated as follows:
Emax = %CVRZ 15
where C represents capacitance, and Vr represents rated voltage. In real applications, a
complete discharge to zero volts is not possible; instead, useful energy content is
established, which considers the energy delivered when the SC is discharged in a specific
manner (e.g., at the constant current or constant power) from the rated voltage Vr to 1/2
VR.
According to the definition of delivered energy, energy efficiency is defined as the ratio
in the percentage of energy produced by a SC given to it during a specified cycle. This ratio

is based on the definition of delivered energy (Conte 2010; Sarno 2020).
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1.7.3 Power Density (PD)

PD is the load's rate at which energy may be transferred to or absorbed. The PD is
determined gravimetrically in kWkg™ or volumetrically in KWL™. The below equation is

used to calculate PD:

p=— 1.6
where the E and tq are ED (kWkg™) and discharge time in an hour.

1.7.4 Cycle life

Cycle life testing methodologies are typically based on a constant current profile. The
SCs are charged and discharged at a constant current between the rated voltage and a
specified end-of-discharge voltage arbitrarily chosen as a percentage of the rated voltage
(often half or one-third of the rated voltage). After a specified number of complete charge
and discharge cycles, the SC's fundamental parameters are monitored, and their variations
are estimated. The measurement is completed when the capacitance (or energy) lowers by

at least 20 or 30 percent compared to the beginning value.

1.8 Electrode Materials

The electrode material used significantly impacts how well a SC performs
electrochemically. As a result, several electrode materials, including transition metal
oxides/sulphides, carbon-based materials, CPs, etc., have been studied by various

researchers to develop SCs.

1.8.1 Carbon materials

Carbon-based compounds are regarded to be the most promising industrial electrode
materials. Carbons are the most attractive materials to date due to their low cost, simple
processing, substantial specific surface area, excellent electrical conductivity, nontoxicity,

natural abundance, eco-friendliness, and remarkable stability (Singh et al. 2015). Carbons
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are also the most abundant element in the natural world. In the case of carbon materials,
having a large specific surface area leads to a high capacity for charge build-up at the
electrode and electrolyte contact. In addition to pore size and high specific surface area,
surface functionalization must be considered when enhancing specific capacitance for
carbon materials. Typically, carbon materials store charges primarily in an electrochemical
double layer produced at the interface of the electrode and the electrolyte, as opposed to in
the bulk of the active material. Consequently, capacitance is mainly determined by the
surface area accessible to electrolyte ions (Zhang et al. 2009Db).

Electrodes for EDLC SCs are made from carbon-based materials, such as carbon
nanotubes (CNTs), activated carbon (AC), graphene (G), carbon nanofibers (CNFs), and
carbon aerogel. Graphitic and natural materials, such as coconut shells, sugar cane, green
leaf, and wood dust, are typically used to produce these items. Those are very porous
substances with an enormous specific surface area (1000-3000 m?g) for charge
accumulation. Materials made of porous carbon usually have pores of many different sizes,
which can be included into three main groups based on their diameters: 1) micropores (<2

nm), 2) mesopores (2-50 nm), and 3) macropores (>50 nm) (Simon and Burke 2008).

1.8.1.1 Zero-dimensional (0-D) carbon nanoparticles:

0-D carbon particles are spherical with a ratio near 1. 0-D carbon particles include AC,
nanospheres, and mesoporous carbon (specific area (AC-3000 m? g%)). The pore
concentration and size distribution may be adjusted, making them ideal for supporting SC
electrode metal oxides (Zhi et al. 2013).

1.8.1.2 One-dimensional (1-D) carbon nanostructures:

High-aspect-ratio fibers are 1-D nanostructures. 1-D carbon nanostructures include
carbon nanofibers (CNF), carbon nanotubes (CNT), and carbon nano coils. Since they
have a high aspect ratio and outstanding electronic transport qualities, these characteristics

are anticipated to make it easier for the kinetics of the electrochemical processes to occur.

Department of Chemistry 18



Chapter -1

1.8.1.3 Two-dimensional (2-D) nanosheets:

Materials having a high aspect ratio are considered to be sheet-shaped 2-D
nanostructures. 2-D carbon nanosheets are represented by graphene, graphene oxide (GO),
and reduced graphene oxide (rGO). Graphene and graphene oxide are interesting
possibilities for SC electrodes due to their high mechanical strength, outstanding electrical
conductivity, and large specific surface area. For instance, the theoretical surface area of a
single sheet of graphene is 2756 m?g™* and its charge mobility is 200000 cm? V1 s (Zhi
et al. 2013).

1.8.1.4 Three-dimensional (3-D) porous architectures:

Low-dimensional building components compose three-dimensional structures. The SC
electrodes consist primarily of carbon nanofoams or carbon nano sponges. This foam offers
a high specific surface area, a significant electrolyte—electrode contact area, and a

continuous electron transport channel when utilized in SC electrodes (Zhi et al. 2013).

1.8.2 Faradic materials
1.8.2.1 Polyoxometalates (POMS)

Polyoxometalates (POMs) are a type of inorganic compound formed by transition
metals in their most oxidized forms of groups V (V, Nb, Ta) and VI (Mo, W). POMs have
the generic formula [XxMmOy]" and are composed of one or more transition metals
connected by oxo-ligands (Long et al. 2010). In the general formula, X denotes the hetero
atom, often a main group of elements (e.g., P, Si, Ge, As). Occasionally, transition metals
also function as heteroatoms, with M representing the addenda atom (V, Mo, or W)
(Fig.1.9). Unique self-assembly mechanisms in an aqueous acidic medium result in the
formation of POMs. POMs are used in many fields, including catalysis, medicine, materials
research, photochemistry, analytical chemistry, and magnetochemistry, because of their
wide range of stoichiometries, architecture, acid-base, and redox characteristics properties
(Genovese and Lian 2017).

Department of Chemistry 19



Chapter -1

Fig. 1.9 A) Polyhedron representation of Keggin structure, B) Polyhedron representation
of Well-Dawson structure.

POMs have exceptional catalytic activity in addition to ionic conductivity, photo- and
electrochromic, magnetism, and antiviral activity. Nevertheless, the essential role of POMs
is their distinctive electrochemical activity. The redox states of POMs are highly stable,
and they can take part in rapid, reversible multielectron transfer processes. These
characteristics have led to the designation of POMs as electron reservoirs or sponges,

which is an attractive trait for energy storage applications (Genovese and Lian 2017).

According to the published research, Some Keggin-type POMs were doped onto CPs to
prevent POM leaching, improve conductivity, and boost the energy storage capabilities of
the polymer structure. The structure of POMs stays intact, which increases their insolubility
in an aqueous solution. During charge/discharge operations, electroactive POMs perform
various dual functions, such as accommodating cations at the surface or in the interlayer
gaps. The second function is to transfer electrons from redox sites to conducting substances
(Salanne et al. 2016; Vannathan et al. 2022).
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1.8.2.2 Conducting polymer (CP)

In the four decades after the invention of polyacetylene in the 1970s, CPs have earned
popularity in a wide range of applications (Chiang et al. 1978). This is due to the uniqueness
of their physical and chemical properties. Several CPs, such as polypyrrole (PPy),
polyaniline  (PANI), polythiophene (PTh), Polyindole (PIn), and poly(3,4-
ethylenedioxythiophene) (PEDOT) are the most extensively studied for the fabrication of
SC electrodes. This is mainly because of their high conductivity, large porosity, wide
potential window, synthesis feasibility, and less environmental effect (Basnayaka and Ram
2017). A common characteristic of CPs is the delocalized-conjugated backbone of polymer

chains, which can be ultra-conductive after particular redox or doping processes.

CPs can be p-doped or n-doped depending on the polarity of dopant chemicals or the
redox type. The former represents oxidized CPs with anion dopants, whereas the latter
represents reduced CPs with cation dopants. According to reports, p-doped CPs are more
stable than n-doped CPs. Compared to n-doped CPs, p-doped CPs have been investigated
extensively in ES applications. Due to the quick and reversible reaction of doping-
dedoping in bulk instead of an interface area, CPs offer greater specific capacitance and
significantly lower specific surface area (SSA) requirements than other carbon materials.
CPs are more ecologically friendly, less expensive, and electrically conductive than metal
oxides. Numerous variables, including the choice of monomer, electrolyte, substrate, nano-
morphology, and dopant use, significantly impact on the electrochemical uses of CPs.
Dopant molecules profoundly impact the shape and capacitance of CPs (Chiang et al. 1978;
Conway 2013; Snook et al. 2011).

CPs have extensive applications as antistatic materials in everyday life. These CPs were
utilized in batteries, displays, and electronic gadget’s. Their applications were restricted
due to their instability, low solubility in solvents, toxicity, inability to undergo direct
melting, and rising production costs. The applications of conductive polymers are gaining
great interest in cheaper, processable materials with exceptional electrical and physical
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properties. The large surface area and better dispersibility are the important characteristics

of nanostructured CPs (Naarmann 2000)

Table 1.3 Theoretical and experimental capacitance values of common CPs (Snook et al.
2011).

Conducting | Molecular weight | Potential range | Theoretical Measured
polymers (gL?) (V) SC SC
(Fg?) (Fg?)
PANI 93 0.7 750 240
PPy 67 0.8 620 530
PTh 84 0.8 485 -
PEDOT 142 1.2 210 92

According to a literature review, CPs have been used in a variety of fields with
remarkable properties, such as biosensors, organic solar cells, electronic organic light-
emitting diodes, printing circuits, electrochromism, chemical sensors, SCs, microwave-
and radar-absorbent coatings, stealth aircraft, and organic light-emitting diodes (Lange et
al. 2008).

CPs-based SCs are available in three distinct configurations it is given below:
Type | Configuration:

This setup is symmetric, with identical p-dopable polymer samples at both electrodes.
This gives a potential voltage range of 0.8-1 V.

Type Il Configuration:

This is an asymmetric arrangement in which the two electrodes are composed of two
distinct p-dopable polymers. This results in a slightly larger potential window (~1.5 V).
Type 111 Configuration:

The same polymer is utilized at both electrodes in this symmetrical design. In contrast,
one of the electrodes is p-doped, and the other is n-doped. This setup offers a potential

window exceeding 3 V.
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Polypyrrole (PPy)

PPy is one of the most studied polymeric materials for making electrodes because it has
unique properties like high conductivity, fast charge/discharge, high ED, easy synthesis,
flexibility, high mass density, and low cost (Wang et al. 2020b). Due to its high mass
density, PPy has a high value of volumetric specific capacitance (400-500 F cm™) and
flexibility, allowing it to be molded into any desired shape without substantially reducing
electrochemical performance (Wang et al. 2020b). The reaction mechanism of the pyrrole

to polypyrrole is given in Fig. 1.10.

PPy can render flexible, highly capacitive, lightweight SCs and flexible electronic
devices like flexible wristwatches, roll-up displays, smartphones, wearable sensors, and
smart textiles. So, researchers are very interested in PPy because of what it could mean for

the future of energy storage devices and electronic applications (Shown et al. 2015).

Fig. 1.10 Polymerization Mechanism of pyrrole to polypyrrole
Polyaniline (PANI)

Polyaniline (PANI) is seen to be the most promising SC electrode material due to its
high conductivity in doped states (100-10,000 S/m). The simplicity of fabrication for
large-scale devices provides high pseudocapacitance, lightweight, tunable electrical
conductivity, high ED, environmental friendliness, simplicity in synthesis, superior
capacity for energy storage, and inexpensive cost (Cheng et al. 2013). PANI is vulnerable
to a quick decline in performance because of the swelling and shrinking caused by repeated
cycles (charge/discharge process). This restriction can be overcome by mixing PANI with
carbon materials, which has been shown to increase PANI's stability and capacitance.
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PANI has exhibited a wide range of applications due to its high stability and reproducible

dispersion.

Additionally, depending on preparation circumstances, it provided outstanding specific
capacitance (500 and 3400 F g), which is much higher than that of traditional carbon-
based electrodes (100-200 F gt) and similar to pseudocapacitive metal oxides (Zhang et
al. 2013). The primary use of PANI is in the printed circuit board manufacturing process
(Li et al. 2011a; Pan et al. 2016). The Mechanism of polyaniline formation from aniline is

shown in Fig.1.11.
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Fig. 1.11 Polymerization Mechanism of aniline to polyaniline

Polyindole (PIn)

Polyindole (PIn) is a polymer of indole (Fig.1.12), a heterocyclic aromatic molecule
with a hexagonal benzene ring fused within a pentagonal pyrrole ring. As a result, PIn and
its derivatives display poly(paraphenylene) and polypyrrole characteristics. High redox
activity, excellent thermal stability, cheap cost, high pseudocapacitance, ease of synthesis,
and environmental friendliness are some favourable qualities (Choudhary et al. 2020). In
addition, PIn is more resistant to hydrolytic degradation than PANI. PPy has demonstrated
its ability to store energy for a more significant duration of time characteristics and is more
thermally stable. All of these characteristics make PIn a very desirable electrode material

for the creation of high-performance and long-lasting SCs. Nevertheless, because of its two
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fundamental drawbacks, poor cycle stability, which is caused by a weak backbone, and low
electrical conductivity, its application on a broad scale is not even close to being a
possibility at this point (Gémez Costa et al. 2012; Wang and Wu 2017).
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Fig. 1.12 Polymerization Mechanism of indole to polyindole

1.9 Applications

SCs are being utilized in many applications as their performance improves.
Rechargeable batteries have been the most popular energy storage method for the past 10
years. The number of applications needing better energy storage, from portable electronics
to hybrid electric vehicles, is growing. In the realm of energy storage, what is required, is
to increase performance while simultaneously reducing prices. The applications of the SCs

are given below.

1.9.1 Public sector applications

SCs are utilized in digital cameras to create flashes. The most recent addition is the set
of portable speakers that Sam Beck (Blueshift) produced with an integrated SC assembly.
SCs were primarily employed in actuator and memory backup applications. They are

employed in renewable and sustainable energy sources because they act as stabilizers in
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solar and wind energy-based power line systems. Hybrid SCs give short bursts of energy

to wind turbines because the SCs respond immediately to changes in the weather.

HSCs are used when the power supply needs to be quick. In security systems, the HSC
function is equivalent to a computer’s uninterruptible power supply (UPS) function. The
Emirates Airline cable cars also use HSC energy systems that power the lighting and air
conditioning. In 2010 three Japanese companies worked together to use solar energy and
SCs as energy storage units to create eco-friendly street lighting in Japan (Nippon-Chemi-
Con).

1.9.2 Automobiles and transportation application

In the automotive industry, energy storage systems run multiple functions
simultaneously, such as the ignition, starting, security, transmission, lighting, etc. For
example, in the case of an internal combustion engine, the HSC can be used to start the
engine by giving it a quick burst of energy. Using a HSC, creating a power pulse for electric
or hybrid electric cars is simple, requiring a high current for a brief period while charging.
Toyota and Mazda are examples of such vehicles. Aowei Technology Co., Ltd.'s e-buses
are an excellent example of a big electric vehicle that uses HSCs. This is another important
use that is becoming popular (Shanghai, China). The hybrid configuration of Ni (OH)2-AC
is used in trolley buses, which take 90 seconds to charge and can travel 7.9 km at a top
speed of 44.8 km/h and an average speed of 22 kmh* while going from 0 to 40 kmh? in
16.5 seconds. CSR Co. Ltd. (China) has also made a tramcar that works on an EDLC
configuration and can be charged in 30 seconds. It can go 3-5 km before it needs to be
charged again. Railways and metro trains will utilize HSCs as part of the expanded
transportation system (Wang et al. 2016). In August 2012, CSR Zhuzhou Electric
Locomotive Corporation of China developed a two-car light metro system prototype
(Muzaffar et al. 2019). A HSC unit is located on the light metro's roof. Some other
examples of railways that use HSCs are the South Island metro lines in Hong Kong and the
metros built by SYTRAL in Lyon, France (Walkowiak et al. 2015).
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1.9.3 Defense and military applications

Using batteries, such as navigators, sensors, and communication tools, is an excellent
place to use HSCs. A HSC assembly can also run the radar system, electromagnetic pulse
weapons, torpedoes, etc.; the military uses radar antennas, avionics display gadgets, airbag

exploitation power, GPS, and missiles.

1.9.4 Computers and memory backup chips

As a stabilizer for the power supply, HSCs are used in things like laptops, portable
media players, etc. They give backup power to low-power components like RAM, SRAM,
PC cards, and UPS so they can be turned off. The ability lies in that it can make a short
burst of high power. Using a HSCs protects memory from a drop in the main power source
that could be significant. The HSC assembly works better than the technology that is
currently used in UPS devices. The solid-state drives (SSDs) that are used to store memory
also use HSCs as a backup power source. The HSC greatly helps the SSD when it needs
to clear its cache and gracefully shuts down when the power goes out without losing any
data (Chen and Xue 2016; Muzaffar et al. 2019).

1.9.5 Medical and industrial applications

HSCs have the potential to be used in high-voltage pulse delivery applications in the
field of medicine. As a result, they are placed in defibrillators, sending a 500-Joule
electrical surge to the heart to recover its normal function. Patients who are suffering from
emotional trauma typically undergo the same kinds of procedures in treatment. HSCs may
find a new use in the backup of ventilators in addition to their current use in dental science
and other areas. JSR Micro designed a HSC specifically for application in medical imaging
equipment as part of their work on developing emergency power supply (Kumar and
Renuga 2012).

To the emergency backup power supply, industrial electronics, such as automated meter
reading (AMR), help prevent any catastrophic breakdowns before the power is restored
(Muzaffar et al. 2019).
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Fig. 1.13 The fundamental design of a SC device and its diverse uses in energy storage.
(Forouzandeh et al. 2022)
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2.1 Literature Review

CPs are a pseudocapacitance material; however, it tussles to reach the theoretical
capacitance values. There has been mounting interest in the field of CPs (organic), and
combination with redox-active POMs (inorganic) due to the well-defined structure of
POMs and reversible redox behavior makes them useful for application in energy storage

materials.

The electrochemical and electrocatalytic capabilities of manufactured conductive
polyaniline were found to include hetropolyacid (HPA) anions, according to the research
done by Marek Barth and colleagues in 1998. They supported HiPMo011VOao,
HsPMo010V2040, and HePMo0gV3040 over polyaniline and investigated the electrochemical
characteristics of these materials using a three-electrode setup while immersed in 1M
H>SO4 electrolyte (Barth et al. 1999).

Pedro Gomez-Romero and colleagues synthesized the H3PMo012040/PANi (PANi-
polyaniline) material in 2003. They then conducted electrochemical studies by the two-
electrode system (symmetric device) using membrane Poly(2,5-benzimidazole and
discovered a specific capacitance of 195 mF cm™ at a scan rate of 0.125 mA c¢cm™. The
material was stable until the 2000 cycle (85%) (Gémez-Romero et al. 2003).

A.M. White and colleague created a hybrid electrode material consisting of
H3PMo012040/PPy and HsPV2Mo010040/PPy in the same year. These materials exhibited
capacitance values of 22.9 F g and 27.6 F g%, respectively, and were scanned at a rate of
1mV s using a three-electrode setup using Nafion 115 as a solid electrolyte for the analysis
of both hybrid materials (White and Slade 2003a).

In 2003, A. M. White and colleague synthesized HsPMo010V2040/PPy, Hs3PM012040/PPy
and HsSiMo012040/PPy. Using a three-electrode setup, they found that the specific
capacitance of 422 F g%, 130 F g%, and 266F g in a 1mV s scan rate was observed
respectively in 0.1M H>SO4 electrolyte (White and Slade 2003b).
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Cuentas-Gallegos et al. produced H3PMo012040/PAnNi hybrid material in 2005 and
discovered 120 F g SC by the symmetric device at 0.4 A g* current density up to 4000
cycles (almost 68%) stability of the composite electrode. In addition, Nafion117 and
sulfuric acid were employed as the electrolyte (Cuentas-Gallegos et al. 2005).

In 2006, Vaillant et al. measured 168 F/g specific capacitance at 0.4 A g current density
and 200 cycle stability (almost 60%) for Hs3PMo012040/PAni material in solid electrolyte
membrane Nafion 117. These results were found for the material in solid electrolyte
membrane Nafion 117 (Vaillant et al. 2006).

Ruiz et al. (2012) developed SCs with activated carbon and phosphomolybdic acid
(PMoz12). The electrolyte was 1M sulphuric acid, and PMoi2 was bonded to activated
carbon to provide 160 F gt and 183 F g (at 2 A g) for the positive and negative hybrid
electrodes, respectively. It had lost 9% of its capacitance after 8000 cycles at 1.6 A gt
(Ruiz et al. 2012).

In 2013, J. Suarez-Guevara et al. synthesized phosphotungstic acid (HsPW12040, PW12)
and activated carbon (AC), which enables the manufacture of highly durable, high-voltage
aqueous SCs (1.6 V). The electrolyte was 1 M sulphuric acid, and specific capacitance
ranged from 185 F g for AC to 254 F g for AC-PW1,. In addition, the hybrid AC-PWi2
electrode material exhibited remarkable stability even after 30000 cycles (0 to 1.6 V),
retaining 98% of its original capacity (Suarez-Guevara et al. 2014).

Hereafter Wang et al. improved the hybrid electrode by combining AC with
(NH4)s[P2Mo018062].14.2H20 (P2Mo1g), a POM of the Dawson type. The first use of P.Mo1s
as an SC electrode. AC/P,Mo1s demonstrated a capacitance of 275 F g at a current density
of 6 A g%, which is 51% greater than the capacitance of the AC electrode (182 F g1) at the
same current density. The AC/P2Mos displayed the maximum capacitance of 308 F g* at
a current density of 2 A g due to its high proton conductivity and characteristic redox
behavior. And 70% cycle stability was achieved after 2000 cycles at 6 A g current density
(Mu et al. 2015).
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Chenchen Hu et al. (2016) produced SCs using activated carbon and phosphotungstic
acid (PMoz). lonic liquid served as the electrolyte, and a three-electrode and two-electrode
setup was used for the experiment. A capacitance reading of 223 F g was recorded when
the voltage applied was 1 mVs™2. After 10,000 cycles, a POM-based positive electrode in
an asymmetric capacitor containing a P-IL aqueous electrolyte showed decreased

capacitance (Hu et al. 2016).

Palomino et al. (2017) created SCs by combining activated carbon and phosphotungstic
acid (PMoz2). The experiment was carried out using a setup consisting of two electrodes.
With the addition of PMoaz> to the original carbon electrodes, capacitances of up to 293 F
gt of the electrode were achieved. This is a significant increase compared to the 206—240

F g achieved by the unmodified activated carbon (Palomino et al. 2017).

Deepak P Dubal et al. synthesized new organic-inorganic hybrid materials for
symmetric SCs based on open-end porous 1D polynanopipes (ppy-Npipes) and POMs
(phosphotungstate or phosphomolybdate) that display excellent areal capacitances and
specific capacitance. Three-electrode system electrochemical measurements showed
capacitance of 341 F g and 294.1 F g for PW12/PPy and PMo12/PPy, respectively nano-
pipe showed only 204.5 F gt at 2 mA cm2in 1M H,SOs electrolyte (Dubal et al. 2017a).

Same year Sven Herrmann et al. synthesized polypyrrole-Lindgvist-type molecular
metal oxide anions [VaMs nO19] @™~ (M = W(VI) or Mo(VI); n = 0, 1, 2) material and
studied the electrochemical performance using 0.1 M Tetra-n-butyl ammonium
tetrafluoroborate (nBusNBF4) as electrolyte for three-electrode systems. The capacitance
was observed ~25-38 F g* specific capacitance in ina 0.2 to 1.0 V potential window at 50
mV s (Herrmann et al. 2017).

Very  recently, Jingjing Lin et al. synthesized Fe-Anderson-type
polyoxometalate/polyaniline/graphene (PPG) hybrid materials; They used Anderson-type
polyoxometalates [FeMosO24Hg]*~ (FeMos) onto graphene modified with polyaniline by

hydrothermal treatment. The composite showed a high specific capacitance of 1366 F g
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at 1 A g current density and ED of 24.65 W h kg* at a low PD of 326.25 W kg* and
excellent cycling stability (94.82% capacitance retention after 5000 cycles). The three-
electrode system in 1M H2SO4 electrolyte measured this electrochemical performance (Lin
et al. 2019).

Incorporating PANI-PW12, PANI-PMo12, and PANI-PMo12 & PWi2 composites,
Dongming Cheng et al. created three new symmetric devices in 2021. Polyvinyl alcohol
was utilized as the electrolyte, and the composites exhibited good specific capacitance at
0.5 mA cm: 3.88 F cm™ for PANI-PMo012&PW12, 3.12 F cm™ for PANI-PMo12, and 2.51
F cm for PANI-PW12. Simultaneously, composites demonstrated a maximum ED of 0.533

mWh cm and an outstanding cycle stability of 90.0% after 400 cycles (Cheng et al. 2021).

Maity et al. reported new SC electrode material by doping porous activated carbon with
K2Hs[NiV14040] (NiV14) (AC). The resultant compound, AC-NiV14, was shown to have
much improved electrochemical properties (for both symmetric and asymmetric SC cells),
operating at a substantially higher potential of 1.2 V (in 0.5M H2S04). A capacitance of
316 F gt was found for 15 wt.% (AC-NiV14) at a current density of 1 A g%, while a specific
energy value of 63.2 Wh kg™ and a maximum power of 3,140 W kg were attained at a
high current density of 2 Ag™}(Maity et al. 2021a).

Maity et al. synthesized AC with vanadomolybdates (VMo11, V2Mo10) hybrid materials
in 2021; the composite AC- VMoz1 and AC- VoMo exhibited a high specific capacitance
of 430 F gt and 214 F g%, respectively, at 0.2 A g current density. This electrochemical
performance was measured by a two-electrode system in the lonic liquid electrolyte (Maity
et al. 2021b).

2.2 Scope of the Work

The combination of organic-inorganic hybrid materials has recently attracted much
attention, especially in material science. CPs have extended -conjugation throughout the
polymer chain to form a network, which is insufficient to behave in metal-like conductivity.
Generally, CPs have low conductivity in neutral form, and to increase the conductivity, a

charge carrier (dopant) needs to be introduced into their extended polymer (Bhadra, S. et
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al., 2009). The conductivity range of CPs could be tuned by controlling the amount of

dopant present in the polymer chain.

A literature survey indicates very little work has been done in the SC field using
vanadium-substituted polyoxometalates (VPOMS) composites as electrode materials for
energy and power devices. Mainly, commercially available POMs such as Hz[PM012040]
and H3[PW12040] have been used to synthesize the composite electrode using FeCls as an
oxidant and showed moderate capacitance values in the H.SO4 electrolyte. A few POMs
have also been applied to integrate the CP-VPOM composite electrodes for SCs
application. For this purpose, even the POV-H3[PMo01204]-CP hybrid materials were
synthesized in the H2SOj electrolyte. Thus, there are plenty of venues for integrating CPs
using VPOM (active oxidizing agent) without any external oxidizing agent. It can be
employed as an electrode material to increase the material's capacitance. At the same time,
electrolytes also played a crucial role in SC applications. Thus, choosing suitable

electrolytes varies the electrochemical performance of those electrodes.

POMs can compensate for some of the limitations of carbon-based materials in
nanocomposites based on carbon. In addition, the carbon matrix gives POMs better
conductivity and mechanical strength while preserving the chemical stability of the overall

complex.

This thesis studies the use of POM-CPs and POM-carbon based material complexes as
electrodes in SCs and attempts to improve several performance factors connected to their

use.

2.3 Objectives of the Work

e To synthesize the various pseudocapacitive materials CPs (polypyrrole (PPy),
polyaniline (PAni) and polyindole (PIn)), vanadium substituted polyoxometalates
(VPOMs) and activated carbon (EDLC material).
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e The different composite electrode materials will be prepared by depositing
pseudocapacitive materials (POMs) on CP and AC materials using a single-pot
synthesis method.

e To characterize the structural, chemical, and morphological properties of the
prepared electrode materials.

e To investigate the electrochemical behaviour of the electrode material using cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), electrochemical

impedance spectroscopy (EIS), etc., through symmetrical and asymmetrical cells.

2.4 Organization of the Thesis
The work presented in this thesis spans nine chapters.

Chapter 1 incorporates available energy storage methods in general and SC specifically.
Various facets of the Mechanism of charge storage in SC have been addressed.
Additionally, the different electrode and electrolyte media are explored in detail for SC,

followed by their practical application.

Chapter 2 provides a comprehensive literature review of several POM-based electrode
materials for SC applications. The scope and objectives of this thesis are then discussed,
and describe the materials and methods used in this research and the experimental

methodologies used to build and characterize the SC electrode.

Chapter 3 demonstrates two different vanadomolybdates POMs molecules doped on
polypyrrole backbone and thoroughly studies their electrochemical properties using 0.1M
H2SO4 electrolyte for SC electrodes.

Chapter 4 describes two classes of nanohybrid by incorporating vanadomolybdates POM
on polyindole in acid electrolyte media and studies structural and electrochemical

performances.
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Chapter 5 introduces a concise, one-pot synthesis for vanadomolybdate-induced in situ
polymerization of polyaniline: this nanocomposite shows excellent ED and

electrochemical properties in acidic electrolytes.

Chapter 6 delivers a case study of two cell types (symmetric and asymmetric); the cell
was fabricated using vanadotungstate polyoxometalate and polypyrrole as supporting
material. The substrate material governs nanohybrid’s structural, topological, and

electrochemical behavior.

Chapter 7 shows a comparative study of vanadium-substituted POM doped on the surface

of polyaniline and vanadium-substituted POM doped on the surface of activated carbon.

Chapter 8 describes two nanohybrids produced by integrating vanadium-substituted POM
onto activated carbon in an acid electrolyte medium. The varying vanadium content

determines the structural and electrochemical performance of the hybrid.

Chapter 9 outlines the summary of the study conducted for this thesis. It also seeks to

facilitate future study in this field and beyond.

2.5 Materials and Methods

2.5.1 Materials

Pyrrole was purchased from Spectrochem Pvt. Ltd., and Aniline (99%) was acquired
from Loba Chem. Pvt. Ltd. was distilled under a vacuum before use. Indole (99%) as a
monomer was purchased from SRL Chem. Pvt. Ltd. NMP (N-methyl pyrrolidone) and
Carbon black were purchased from Sigma-Aldrich. Polyvinylidene (PDVF) was obtained
from the Alfa Aesar, sodium metavanadate (NaVO3s), sodium molybdate (Na2MoQOa),
sodium hydrogenphosphate (Na2HPOQO4), hydrochloric acid (HCI), sulphuric acid (H2SO4),
phosphoric acid (HsPOjs), sodium tungstate (Na2WOQs), potassium chloride (KCI), nitric
acid (HNOs3), methanol (CH3OH), potassium metavanadate (KVO3), manganese sulfate
(MnSQg4. H20), and potassium persulfate (K2S20g) diethyl ether, FeClz-6H20 and HPLC
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grade water were purchased from Loba Chem. Pvt. Ltd. Carbon cloth was purchased from
Sainergy Fuel Cell India Pvt. Ltd.

2.5.2 Synthesis
2.5.2.1 Synthesis of polypyrrole (PPy), Ha[PVM011040], and Hs[PV2Mo0100a40].

PPy was synthesized according to the published procedure (Kato et al. 1991). The
redox-active polyoxometalates clusters Hs[PVMo01104] and Hs[PV2Mo010O4] were
synthesized using the original synthesis procedure as reported by Akba et al.(Akba et al.
1997).

2.5.2.2 Integration of the hybrid PPy/H4[PVMo011040]

About 0.135ml (0.01mmol) of pyrrole was added to the 50 ml water containing beaker.
The pyrrole-water mixture was stirred for a few minutes. Then 2g (4.75 mmol) of
H4[PVMo011040] was added slowly to the pyrrole/water mixture. The orange color solution
was slowly turned to dark blue color, and black precipitate began to form. The resulting
reaction was kept stirring for 24h at room temperature. The black wad was filtered off
under vacuum using membrane filter paper and washed many times with water until the

filtrate appeared colorless.
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H,0
24h, RT

H,[PVMo;;040] / Hs[PV; Mo gO4p]

Y

Scheme 2.1 Schematic representation of [PVMo011040]*/ [PV2M010040]® impregnated into
the PPy surface. Orange octahedra =V, Red = O, and gray octahedra=Mo.
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2.5.2.3 Integration of the hybrid PPy/Hs[PV2M010040].

The procedure is the same as above, except Hs[PV2Mo010040] was taken instead of
H4[PVMo011040].

‘[P’\'Mono_,o] or Hy[PV,Mo,004] (O Pyole (Py)

O Polypyrrole (PPy)

Fig. 2.1 Schematic representation of [PVMo011040]*/ [PV2M010040]> impregnated into the
PPy surface.

2.5.2.4 Synthesis of polyindole (PIn).

Pure PIn was synthesized using a simple and inexpensive chemical method at room
temperature. In this method, 1.0 g (0.04 mmol) of indole and 1.00 g (0.27 mmol) of
FeClz-6H20 were mixed in 50 mL of distilled water. The dark brown solid PIn started to
form. The resulting solution was continuously stirred for 24 h at room temperature to
complete the reaction. The dark brown solid was filtered off under vacuum using a
membrane filter paper and washed several times with HPLC grade water until the colorless

filtrate’s appeared.

2.5.2.5 Synthesis of the PIn/PVMo11 Composite.

The PIn/PVMoz1 was synthesized via an oxidative polymerization in situ method where
PVMou: acts as an oxidant and Bronsted acid. One gram (0.12 mmol) of indole(monomer)

was mixed with 50 mL of distilled water in a beaker. The indole/water mixture was stirred
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for a few minutes. Then, 2 g (4.75 mmol) of acidic Hs[PVMo011040] was added slowly to
the indole/water mixture. The orange solution slowly turned brown, and brown salt began
forming. The resulting reaction was continuously stirred for 24 h at room temperature. The
deep brown solid was filtered off under vacuum using a membrane filter paper and washed
many times with HPLC-grade water until the filtrate appeared colorless to wash out excess
POM present in the reaction medium. Finally, the substantial solid was air-dried, and we

used it for our study.

RT, 24h
Water

Polyindole (PIn)

Scheme 2.2 Schematic representation of the synthesis of the PIn/PVMoi: and
PIn/PVV2oMoao.

2.5.2.6 Synthesis of the PIn/PV2Moio Composite.

The PIn/PV2Moio electrode was prepared similarly to PIn/PVMoi1, except that
Hs[PV2Mo010040] was used instead of H4[PVMo011040].
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Stirring For
over night

[

PIn/POM

POM = PVMo,,/PV,Mo,,

Fig. 2.2 Synthesis of the PIn/PVVMo11 and PIn/PV2Moxo.
2.5.2.7 Synthesis of polyaniline (PANI)

Pure PANI was synthesized at room temperature by a simple chemical bath deposition
technique. This technique contained 0.38 ml (0.04 mmol) of aniline and 800 mg (0.22
mmol) of FeCl3.6H20 in 50 ml of distilled water. The dark yellow color of the mixture was
gradually turned to green color, and salt began to form. The reaction mixture was stirred
for 24 h at room temperature to ensure completion of the reaction. The green wed was
filtered under vacuum using membrane filter paper and washed several times with distilled

water till the colorless filtrate was obtained.

2.5.2.8 Synthesis of PVMo11@PAni electrode material

The PVMo1u1@PAnNi was synthesized through oxidative polymerizations in situ method
where PVVMoz: acts as an oxidant and proton source in an acidic medium. Aniline (0.76
ml, 0.08 mmol) was added to 50 ml of distilled water. Subsequently, 2 g (4.75 mmol) of
H4[PVMo11040] crystal was added directly to the resulting solution. The orange solution
gradually turned into a green color, and a green solid started to form. After 24 h, the green
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solid was filtered off using membrane filter paper under a vacuum. Then the solid was
washed. The excess POMs were removed by washing the green solid several times with

deionized (DI) water until the colorless filtrate appeared.

o “% %“OT% H
H H

Lucoemeraldine (reduced form, yellow)

B

+ [PV,Mo0,00 ]

Oxidized [PVZMo,OOm]S'

Reduced [PV, M0|0040]

: OOOZ

Emeradine (partially oxidized form, green)

Scheme 2.3 Possible reaction mechanism of polyaniline-[PV2M010040]°"

2.5.2.9 Synthesis of PV2Mo1o@PAniI electrode material

The PV2Mo10@PAniI electrode was prepared similarly to that PVMou1@PANI, except
Hs[PV2Mo010040] was taken instead of H4[PVMo011040].
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PAni
/_—:\/
Stirring for

- over night
_ r—\
/—' ——

Composite

L_AY;

Electrode
coating

POM- H5[PV;Moy404] / Hy[PV Moy, O] Composite - PV,Mo,,@Pani/ PVMo;; @PAni

Fig. 2.3 Synthesis of the PVMo11@PAni and PV2Mo10@PAni
2.5.2.10 Synthesis of KsH2[PV4W3Oa0]

The redox-active polyoxometalate cluster KsH2[PVsWgO40].11H.O was synthesized
following the procedure reported by Smith et al.(Smith and Pope 1973).

2.5.2.11 Synthesis of KsHz[PV4WsOa0] onto polypyrrole backbone

The pyrrole water mixture was prepared by adding 0.135 ml (0.01 mmol) of pyrrole
(PPy) in 40 ml of the water taken in a beaker, and the resultant mixture was stirred for a
few minutes. Next, an accurate weight of 1 g (2.74 mmol) of KsH2[PV4WsgOa40]-11H.0
(PV4Ws) (deep orange color) was slowly mixed with the pyrrole/water mixture, and the
solution became orange in color. After that, 0.6 g of FeClz-6H.O was added into the orange
color solution, which was slowly changed dark color, and the black precipitate was formed
immediately. The resulting reaction mixture was stirred continuously for 24 h at room
temperature. The solid black residue obtained was then filtered off under vacuum using
membrane filter paper. Finally, the black residue was washed thoroughly with HPCL grade
water until the filtrate appeared colorless (unreacted KsH2[PViWgOas0]-11H.O was

removed with water). The residue was finally air-dried before use as an electrode material.
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Fig. 2.4 Synthesis of the PV4Ws/PPy.

@ PVW,

PV,W,/PPy

2.5.2.12 Synthesis of KsH2[PV4WsOu0] onto polyaniline backbone

0.175 ml (0.01mmol) of aniline was added to the 40 ml water-containing beaker. The
pyrrole-water mixture was stirred for a few minutes. Next, an accurate weight of 1g (2.74
mmol) of KsH2[PV4WsOa4].11H,O (deep orange color) was dissolved in a minimum
amount of water, and the solution was then added slowly to the aniline/water mixture.
About 0.8mg of FeCls.6H.O was added as an oxidizing agent. The orange color solution
was slowly turned to dark color, and black precipitate began to form. The resulting reaction
mixture was continued stirring for 24h at room temperature. The solid black residue was
collected after filtration under vacuum using membrane filter paper. Finally, the residue
was washed with HPCL grade water until the filtrate appeared colorless (unreacted
KsH2[PV4Wg040].11H20 was removed with water). The residue was finally air-dried

before use as an electrode material.

2.5.2.13 Synthesis of KsHz[PV4WsOuo] onto activated carbon backbone

900mg of AC powder was accurately weighed and dispersed in 30mL of methanol in a
100mL round bottom flask, and a magnetic stirrer was used to disperse AC in the methanol
solution for nearly 5-10 min. Then 100mg of PV4Wg powder was dissolved in a minimum
amount of HPLC water (less than 5 mL). Then the PV4Wsg solution was added dropwise
into the AC-methanol solution with constant stirring and was kept stirring the resulting
solution for 24 hrs. A rotary evaporator was used to evaporate the solution, and the

remaining solid reaction mixture was left to air dry.
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2.5.2.14 Synthesis of potassium 11-vanadomanganate (KsMn'VV1:1032.10H20) and
potassium 13-vanadomanganate (K7Mn'VV13035.18H20)

Potassium 13-vanadomanganate was synthesized using the procedure reported

elsewhere. (Flynn and Pope 1970a; b)

2.5.2.15 Synthesis of activated carbon - KsMn'VV11032.10H20 (AC-MnV11) or
activated carbon - K7Mn'VV13035.18H20 (AC-MnV13) electrode

The AC-MnV11 or AC-MnV13 composite was prepared using the bottom-up approach.
900 mg of AC was dispersed in 40 ml of methanol taken in a 100 ml round bottom flask,
and the dispersed solution was stirred for an ample amount of time to ensure well dispersion
of AC in methanol. The MnV110r MnV13 solution was prepared by dissolving the required
amount in 5 ml of HPLC grade water. The prepared MnV11 or MnV13 solution was added
slowly dropwise into the already prepared AC-methanol dispersion solution. The resulting
solution was kept stirring for about 24 h at room temperature. Finally, the solution was
dried in a rotary vacuum evaporator and washed with plenty of distilled water to remove
the excess MnV11 or MnV 13, then diethyl ether to dry the composite.

2.6 Electrode Preparation and Fabrications

The working electrode was prepared by mixing accurately measured 80% of fine
powdered active materials, 10% carbon black, and 10% of PVDF along with 2 ml of NMP
(N-Methyl-2- Pyrrolidone) to make a slurry. The slurry was kept for sonication for about
one and a half hours to disperse the electrode materials. Finally, this slurry was slowly and
uniformly coated on a 1 x1 cm carbon cloth (mass of the active material 0.8 mg) using a
micropipette. It dried at 80 °C for over 24 h, which was used further as a working electrode
for the current study. The electrodes were constructed into a symmetric 2-electrode setup
using a stainless-steel split cell. The working electrodes were arranged so that both the
coated side faced the separator (Whatman No 41filter paper), and the outer side was
attached to the current collector. This whole layout was then treated with an aqueous

electrolyte, and subsequently, the electrochemical performance was carried out.
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Fig. 2.5 A) Symmetric and B) Asymmetric representation of the supercapacitor cell setup.

2.7 Characterizations and Measurements

2.7.1 Structural and surface characterizations
2.7.1.1 Fourier transforms Infrared spectroscopy (FTIR)

This spectroscopy was used to determine the functional group present in the synthesized
composite in the region of 400 cm™ - 4000 cm™ by using Bruker 4000 (USA) spectrometer
through the KBr pellet method.

Fig. 2.6 FTIR setup (Image courtesy: Chemistry department, NITK, Surathkal)
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2.7.1.2 Thermal gravimetric analysis (TGA)

The thermal stability measurement of all the electrode materials was performed using
PerkinEImer TGA4000 (USA) at the heating rate of 5 °C/min inflowing of 20 ml/min No.

Fig. 2.7 TGA setup (Image courtesy: Chemistry department, NITK, Surathkal)
2.7.1.3 Powder XRD studies

h_--:ﬁ-..;:; “-m}?;g;l ?

\
PANalytical \ EMPYREAN

Fig. 2.8 Powder XRD setup (Image courtesy: Central research facility (CRF), NITK,
Surathkal)
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The X-ray diffraction (XRD) patterns were recorded using Rigaku Mini Flex 600
(Japan) diffractometer to analyze the synthesized composite and confirm the recorded
diffraction peaks with JCPDS reference files. And XRD pattern was given clear
information about the crystalline and amorphous nature of the composite.

2.7.1.4 FESEM and EDS analysis

This FESEM analysis was given in detailed structural morphology of the synthesized
composites in different magnification. It provides particle size, shapes, imperfections,
metallographic details, and topology of the composites. Energy dispersive X-ray Analysis
(EDS) studies give a clear idea that elements present in the composites were investigated
using Field emission scanning electron microscopy (FESEM) (Carl Zeiss Sigma,

Germany).

Fig. 2.9 FESEM and EDS setup (Image courtesy: Central research facility (CRF), NITK,
Surathkal)
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2.7.1.5 Brunauer-Emmett-Teller (BET)

Fig. 2.10 BET setup (Image courtesy: Central research facility (CRF), NITK, Surathkal)

The BET surface area was measured using a Micromeritics physisorption analyzer (Model
ASAP 2020, USA). It is used to calculate the specific surface area of the powder sample

based on nitrogen adsorption isotherm measurement at 77K.

2.7.1.6 X-ray photoelectron spectroscopy (XPS)

This technique is mainly used to find out the elements in the composite or material; it
is also a surface-sensitive quantitative spectroscopic technique based on the photoelectric
effect. It can find out the elements from the surface of the material, the overall electronic
structure and as well as their chemical state, etc. This spectroscopy is a powerful complete
measurement technique because it can find out the elements present in the material and the
other elements bound to it. Here we used to record XPS data through Thermofisher

Scientific equipment (Model Nexsa base).
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Fig. 2.11 XPS setup (Image courtesy: Advanced material research center. IIT Mandi)

2.7.2. Electrochemical characterizations

Fig. 2.12 Electrochemical workstation setup (Image courtesy: (Chemistry department,
NITK, Surathkal)

Complete electrochemical characterizations such as cyclic voltammetry (CV),
chronopotentiometry (galvanostatic charge-discharge (GCD)), and Electrochemical
impedance spectroscopy (EIS) are used to analyze the newly fabricated supercapacitor; the
entire work was done by using the two-electrode method in the different potential window

(1.0Vv,0.8V, etc.) and various concentration of sulphuric acid (0.1M,0.25M and 0.5M). The
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measurements were carried out using an electrochemical workstation (IVIUM
Technologies BV Co., The Nether- lands, Model: Vertex).

2.7.2.1 Cyclic voltammetry (CV)

This method was used to find reduction, oxidation peaks (redox property), specific
capacitance, reversibility, etc., for the synthesized composite in the different potential
windows for different materials, and scan rate was used in the range of 100 mV s* -5 mV

s, The formula was used for the calculation is given below (Hou et al. 2020).

Specific capacitance (Cs): Cs = ;fI(V)dV 2.1

- 2XMXVXAV

where m, v, and AV is the mass of active material, scan rate, and potential window,

respectively.

2.7.2.2 Galvanostatic charge-discharge (GCD)

Chronopotentiometry was used to measure the charge-discharge behavior of the
synthesized supercapacitor composite at different current densities as same as the CV
potential window. From GCD, the specific capacitance (Cs), the energy density (ED),

power density (PD), etc., were calculated using the below equations (Chandran et al. 2020)

For the linear GCD plot,

IXAt

Specific Capacitance (Cs) = ~

Flg 2.2

For non-linear GCD plot,

Jiwvdt  2ip [Vdt _ i(AtxAV) E/

Specific Capacitance (Cs) =f;,deV— vz{‘;{“ = V)’

2.3

Where 1, At, and AV represent the current density (A g?), discharge time (Sec), and

operating cell potential (V).
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Power density (P) =%(S)x3600 W/kg 2.4
=1 24,1000

Energy (E) = 2><C><AV X0 Wh/kg 2.5

Energy density (E) =i [ Vdt Wh/kg 2.6

Where E is the energy density, At is the discharge time in seconds, C is the capacitance, and AV is

the potential window.
2.7.2.3 Electrochemical impedance spectroscopy (EIS)

7= [Cl||Rctl] + Rst+ [CZH Rct2] 2.7

Z - R5+ 2 [C HRct] = Rs+ 2[C*Rct/ (C+ Rct)] 2-8

The cell capacitance and impedance were calculated from the EIS data for the device

(laboratory scale) applications using the following equations

Re(C)= -Im(Z)/olZI? 2.9
Im(C)= Re(C)/ olZI? 2.10
Z=SQRT[Re?(2)+Im?(2)] 2.11

Re(C) is the real part, and Im(C) is the complex part, respectively. These two values are
calculated using the real and imaginary parts of the impedance (Z) values.  is the angular
frequency, where fo is the cut-off frequency or the minimum frequency applied (Taberna
et al. 2003).

Crt = 1/Q2nf*Im[z]) 2.12
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Crt is the cell capacitance, f is the minimum frequency applied, Im(z) is the complex

impedance at the minimum frequency.
2.7.2.4 Trasatti method

C~1 =Constant *v%> + C;1 2.13
Ctis the reciprocal of gravimetric capacitance, and v is the square root of scan rate.

C= Constant *v=%5 +Cgp; 2.14
C is the gravimetric capacitance, and v 2 s the reciprocal of the square root of scan rate.

Cr=Cgp*Cpsuepo 2.15
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This chapter describes the synthesis of two vanadophosphomolybdates
(Ha[PVM011040] (PVMo11) and Hs[PV2Mo01004] (PV2Mo11)) and one-pot oxidation
reaction with pyrrole. The combination of redox-active inorganic metal oxides, such as
polyoxometalates (multi-metal oxide cluster) with conduction polymers, could enhance the
material’s stability due to its fast multi-electron redox property. However, its application
has been restricted because of swelling and shrinking capability during the charge and
discharge cycle. The combination of redox-active inorganic metal oxides, such as
polyoxometalates (multi-metal oxide cluster) with conduction polymers, could enhance the
material’s stability due to its fast multi-electron redox property. Here, we report the two
polypyrroles combined vanadophosphomolybdates, namely PPy-Hi[PVVMo011040] and PPy-
Hs[PV2Mo010040] nanohybrid electrode materials and their studies in detail.

3. Result and Discussion

3.1 Structural, chemical, and morphological characterizations

3.1.1 Fourier transform infrared spectroscopy

Fig. 3.1 displays the FTIR spectra of PPy, pure POMs, and composite materials PPy-
H4[PVMo011040] and PPy-Hs[PV2Mo010040], respectively. The broad IR band at 3400 cm *
in PPy is assigned to the adsorbed water adsorbed. The small peak at 3250 cm™ was
attributed mainly to the pyrrole ring's N-H stretching vibration (Ameen et al. 2014). The
bands at 1550 and 1470 cm™* are assigned to the C=C and C—N stretching vibration of PPy,
respectively (Ruckenstein and Chen 1991). All the stretching vibration bands observed in
PPy match well with the available literature (Konwer et al. 2011), thereby confirming
polypyrrole polymer formation. PPy synthesized with Hi[PVMo01104] and
Hs[PV2Mo010040] show similar band characteristics of PPy. However, few new bands have
been noticed at 1061, 960, 866, 596, and 775 cm™* respectively, in the PPy-
H4[PVMo011040] composite electrode material, indicating the presence of H4[PVM011040].
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The IR bands at 1061, 960, 866, 596, and 792 cm ~* could be assigned to the PO, terminal
Mo=0, bridged Mo—O-Mo, and V-0 bonds vibration, respectively, for HsJ[PVMo0110a0]
compound. In contrast, the bands at 10 61, 960, 86 6, 596, and 792 cm™* could be assigned
to the P-O, terminal Mo = O, bridged Mo—O-Mo, and V-0 vibration, respectively, for
Hs[PV2Mo010040] compound (Akba et al. 1997). All the above vibrational frequencies are
matched with the pure Ha[PVMo011040] and Hs[PV2Mo0100a0], respectively, which affirms
the presence of vanadophosphomolybdates on the PPy surface.

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 3.1 FTIR of a) PPy, b) pure Hi[PVM011040], ¢) pure Hs[PV2Mo010040], d) PPy-
H4[PVMo011040] composite and €) PPy-Hs[PV2Mo01004].

3.1.2 Thermogravimetry analysis

One of the most critical electrode materials properties for energy storage applications is
thermal stability. Generally, COPs are not considered appropriate materials for fabricating
energy storage devices due to their swelling and shrinking behavior during charging and
discharging cycles. The thermal stability of the composite electrode materials, mainly PPy-
H4[PVM011040] and PPy-Hs[PV2Mo010040], was analyzed by TGA (PerkinElmer TGA
4000) (Fig.3.2) to know the working temperature. The TGA thermogram of PPy revealed

9.1% of weight loss up to the glass transition temperature of 68.4 °C, and the complete
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decomposition of the PPy was noticed at 832.32 °C, as shown in DTGA. Fig. 3.2b and
3.2c represent the TGA curve of pure PPy- Hi[PVM011040] and Hs[PV2M010040]. The
weight loss (22.1% and 18.62%, observed till 125 °C for both the POMs attributed to
removing the moisture and crystal water molecules and further heating both the POMs
showed extreme phase transition stability at 343.8 °C, and 291.5 °C, respectively.
However, both the POMs were decomposed by following scheme 2.1 above 800 °C (Uma
and Nogami 2007).

Weight %

20

200 400 600, 800 1000
Temperature (VC)

Fig. 3.2 TGA curves of a) PPy, b) pure HJJPVMo011040], ¢) pure Hs[PV2M010040], d) PPy-
H4[PVMo011040] composite, and e) PPy-Hs[PV2M0100a0].

The thermogram of POMs doped PPy hybrid materials, namely PPy-
H4[PVMo01104]and PPy-Hs[PV2Mo010040], presented in Fig. 3.2d and 3.2e, suggests
combined weight loss of PPy and H4[PVMo011040]and Hs[PV2M010040], respectively. Fig.
3.2d and 3.2e revealed that the first weight loss (7.6% and 7.5%) at 59.7 °C and 69.9 °C
are because of the moisture removal from the hybrid materials. Beyond 100 °C, the steady
weight loss (33.6%) till 545 °C and 787.5 °C is attributed to the phase transition and de-
composition of inorganic moieties of the vanadophosphomolybdate in the PPy-
H4[PVMo011040] composite respectively (Fig. 3.2d). Similarly, it shows the weight loss
(6.86%) till 501.7 °C and 731.8 °C for phase transition temperature and decomposition of
inorganic moieties of another vanadophosphomolybdate in the PPy-Hs[PV2M0100a0],
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respectively, and suggests that the PPy-Hs[PV2Mo010040] is more stable than the PPy-
H4[PVMOo011040] composite hybrid material. Further, the thermal stability of the hybrid
materials is increased by more than 100 °C than the PPy (500 °C), which can be explained
by the presence of electrostatic interaction between highly negatively charged POMs and

cationic PPy.

3.1.3 X-ray diffraction spectroscopy
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Fig. 3.3 P-XRD patterns of a) PPy, b) pure H4[PVMo011040], ¢) pure Hs[PV2M010040], d)
PPy- H4[PVMo011040] composite, and €) PPy-Hs[PV2M0100a0].

Powder X-ray diffraction (P-XRD) patterns of PPy, pure Hi[PVMo01104], pure
Hs[PV2Mo010040], PPy-H4[PVMo01104], and PPy-Hs[PV2Mo01004] composite were
recorded and are presented in Fig. 3.3. The P-XRD patterns of pure H4[PVMo011040] and
Hs[PV2Mo010040] endorse well the published literature reports (Li et al. 2014). However,
the acidic H4[PVMo011040] and Hs[PV2Mo010040] polyanions are highly crystalline materials
and showed characteristics of diffraction peaks, as shown in Fig. 3.3B and C. The PPy is

amorphous in nature and exhibits a broad diffraction peak in the P-XRD pattern (Fig.
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3.3A). The characteristics diffraction peaks of Ha[PVMo011040] and Hs[PV2M010040]
disappeared in the P-XRD patterns of respective PPy-based hybrid composites (Fig. 3.3D
and E), suggesting the loss of the crystallinity and showing the amorphous nature.

3.1.4 Field emission scanning electron microscopy

The surface morphology of PPy, pure Hi[PVMo011040], pure Hs[PV2Mo0100a40], and
composite hybrid materials are shown in Fig. 3.4. The field emission scanning electron
microscopy (FESEM) image of pure H4PVM01104] and pure Hs[PV2Mo010040] show
plate-like shapes, as shown in Fig. 3.4 B and C. It is discernible from Fig. 3.4 A that all
the PPy particles formed densely packed spherical-like shapes agglomerates of around 0.6
um (Chitte et al. 2011). In contrast, composite hybrid materials containing vanadium
substituted Keggin ions show densely packed, somewhat larger spongy, and spherical-like
microstructure shapes (Fig. 3.4D and E) with 202.7 and 103.1 pm size, respectively. This
can be ascribed to the vanadium substituted Keggin ions, which are surrounded by COPs

due to the electrostatic interactions and show several shapes.

Fig. 3.4 FESEM image of a) PPy, b) pure H4[PVMo011040], ¢) pure Hs[PV2M010040], d)
PPy- H4[PVMo011040] composite, and e) PPy-Hs[PV2Mo010040] composite.
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3.1.5 Energy-Dispersive X-ray spectroscopy

Fig. 3.5 exhibits the energy-dispersive X-ray spectra (EDS) of two composite
electrodes, mainly PPy-H4[PVMo01104] and PPy-Hs[PV2Mo010040]. The presence of
elements O, N, C, P, V, and Mo was confirmed from the composite materials EDS spectra.
The EDS spectra of the reference samples were also examined, as shown in Fig. 3.5. The
FESEM and EDS combined results confirm that the two POMs (Hs [PVMo011040] and
Hs[PV2Mo010040]) clusters are doped on the PPy network surface and held together by the
electrostatic interaction between them. Tang et al. have stated that the deposition of POM
on PPy is the cation-radical electro polymerization process, during spin coating for
humidity sensing application (Miao et al. 2018).
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Fig. 3.5 EDS spectra of two composite electrodes, namely a) PPy- Ha[PVMo011040]

composite, b) PPy-Hs[PV2Mo010040] composite ¢) Hi[PVMo011040], d) Hs[PV2M010040]
and e) Pure PPy.
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3.1.6 Brunauer—Emmett—Teller

PPy-H4[PVMo011040], and PPy-Hs[PV2M010040] composites middle BET surface area
is 22 and 9 m?/g, respectively. The composite material showed type IV nitrogen adsorption
isotherm with no well-defined hysteresis loop, as shown in Fig. 3.6. However, the PPy-
H4[PVMo11040] composite exhibits hysteresis in the low relative pressure region. The low
relative pressure hysteresis may arise due to the lack of equilibrium during the composite

material's adsorption and/or swelling.
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Fig. 3.6 Nitrogen adsorption/desorption isotherm of PPy- Ha[PVMo011040] composite and
PPy-Hs[PV2M010040] composite.

3.2 Electrochemical measurements

Two electrodes system cyclic voltammetry (CV) method was employed in order to
know the electrochemical properties (applied potential and current response) and
pseudocapacitance behavior changes in the redox activity of the two Keggin type
polyanions upon doping in situ formation conducting PPy matrix (e.g., PPy-Hs4[PVMo01:0
40], PPy-Hs[PV2Mo12 Oas]), respectively in 0.1 M aqueous H2SOa4 electrolyte medium.
Moreover, the decomposition potential of an electrolyte determines the electrochemical
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windows of a capacitor. Zhu et al. have extensively studied the influence of different
electrolyte cations (H, Li*, Na ¥, and K*) on graphene/polypyrrole-based SCs and
observed that there was a significant difference in specific capacitance with a decrease in
cations size and hydrate cation radius leading to the higher ion’s mobility, and diffusion
(Miao et al. 2018). However, the aqueous acidic electrolyte was used in this report because
of its high cationic mobility. It helps in fast charge transfer, which allows more ion
adsorption into electrolyte-electrode interphase. The high ion adsorption facilitates the
extent of faraday reaction, even though it has limitations in practical applications (e.g.,
corrosion). Another disadvantage of treating aqueous electrolytes is that it restricts the
operating voltage within 1 V due to the low thermodynamic voltage of water
decomposition (1.23V). However, selecting organic electrolytes and ionic liquids (ILS)
raises the potential working window up to 5 V. Still, a few deficiencies, such as insufficient
conductivity, purity, and economic and safety barriers, restrict it from practical applications

(e.g., electric car).

3.2.1 CV studies
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Fig. 3.7 Cyclic voltammograms and Oxidation-reduction peaks of PPy and two composite
potentials at 10 mV s scan rates at 0.1 M H2SOs.
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Thus, in the present investigation, we have examined supercapacitive properties of the
PPy, and hybrid composite electrode materials using CV in different concentrations of an
aqueous solution of H2SO4 medium, keeping in mind the operational voltage range. The
CV provides beneficial information on the charge-discharge characteristics of the electrode
cell. The gravimetric specific capacitance of electrodes were calculated (CV graphs) from

the equations (2.1).

3.1.2 GCD studies

Galvanostatic charge-discharge in different current densities was studied to look into
the electrochemical performance of the electrode materials under a particular potential
window to know the electrochemical behavior of the electrode materials. Fig. 3.8a and
3.8b show the GCD curves of PPy-Ha[PVMo011040] and PPy-Hs[PV2Mo010040] at various
current densities in 0.1 M H>SO4 aqueous electrolyte, which gave rise to perfect
pseudocapacitance behavior. The GCD of PPy exhibits the linear charge-discharge curves,
indicating material's capacitive nature. The capacitance was calculated using equation 3
and found to be a maximum of 25.15 F g in 1 A g*. However, unlike SCs, Faradaic
reactions are also responsible for rechargeable batteries but do not produce rectangular CV
or linear GCD curves. High energy density is also recommended for device application
purposes, which are often generated using GCD curves. Therefore, redox-active transition
metal oxide impregnated on PPy electrode composite material might benefit from
achieving high energy density, as redox-active metal oxide stores electrical charge via
either electron transfer (Faradaic reaction) or oxidation-reduction reaction (chemical redox
reactions).

Since the GCD shows a non-linear curve, the conventional equation cannot be used to
calculate the capacitance (C). Thus, the C of all electrode materials was assessed from the
GCD profile for a 2-electrode system (charge/discharge) using equation (2.3) (Mai et al.
2013).

Department of Chemistry 61



Chapter -3

The power density (P) and energy density (E) were assessed from the GCD profile using
the equations (2.4) and (2.6), respectively:

Fig. 3.8a shows the GCD plot of the PPy-H4[PVMo011040] composite electrode, which
was recorded at different current densities (0.2 to 10 A g%) in 0.1 M HzSOa. The non-linear
charge-discharge curves show the supercapacitor behavior of the electrode (Mai et al.
2013). It can be seen that the lower the current densities, the discharging times take longer
than charging (due to intercalation). The shapes changed to non-symmetrical triangular

because of the charge transfer behavior of the electrode.
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Fig. 3.8 GCD curves of a) PPy-H4[PVM011040] and b) PPy-Hs[PV2Mo010040]. C) The
capacitance at current densities of 0.2-10 A g. d) the Ragone plots at various current
densities of 0.2-10 A g*.

The capacitance, energy, and power densities of the active electrode materials (PPy-
H4[PVMo011040] and PPy-Hs[PV2Mo010040]) at various currents densities from 10 to 0.2 A
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g are presented in Fig. 3.8c and 3.8d, respectively. The PPy-H4[PVMo011040] electrode
material provides the highest capacitance of 483.9 F g™* at current densities of 0.2 A g*.
The energy and power densities were determined based on equations (2.6) and (2.4) at the
same current densities. Since the PPy-Hi[PVMo011040] electrode was providing higher
capacitance, high energy, and power densities compared to PPy, we integrated another
vanadium-containing Keggin ion (Hs[PV2Mo010040]) into PPy (PPy-Hs[PV2Mo010040]) and
investigated its electrochemical performance (Fig.3.8b). As expected, PPy-
Hs[PV2Mo10040] provides significantly higher capacitance and higher energy density at
various current densities in the same electrolyte concentration than PPy-H4[PVMo011040]
and PPy. This may be because the number of conducting PPy was needed to balance the
charge neutrality of PPy-Hs[PV2Mo010040], or the presence of two active vanadium centers
in the Keggin ions to enhance the redox reaction (observed in the CV graph, Fig. 3.7),
which was also suggested by Chen et al. Fig. 3.8b also shows the non-linear GCD curves
of PPy-Hs[PV2M010040] at the various current densities ranging from 0.2 to 6 A g1. A
remarkable 561 F g™ capacitance value was obtained at 0.2 A g%, applying equation 3. The
energy and power densities were determined using equations (2.6) and (2.4) for PPy-
Hs[PV2Mo010040] at 0.1 M H2SO4 and provided high power density values of 19.48 Wh kg
Land 78.07 W kg, respectively, at the same current density. However, at a high current
density of 10 A g, the PPy-H4PVMo01104] and PPy-Hs[PV2Mo010040] provide a
capacitance of 79.1 and 288.4 F g, respectively. The capacitance is larger for PPy-
Hs[PV2Mo010040] at lowering current densities due to the mass transfer limitation of
electrolyte ions inside the electrode's pores (Chen et al. 2015). It has also been observed
from Figs. 3.8a and 3.8b that all the composites take much longer to discharge, lowering
the current densities and eventually providing higher capacitance and power density,
respectively. The surface diffusion of ions is ceased to exist. In addition, more charges are
being stored in the electrode due to the bulk diffusion, which eventually increases the
capacitance and the power density of the PPy-Hs[PV2Mo010040] electrode. Fig. 3.8c shows
the capacitance at current densities of 0.2-10 A g%, and PPy-Hs[PV2M010040] shows the

highest capacitance at 0.2 A g current density. It can be seen from Figure 8d that PPy-
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Hs[PV2Mo010040] provides the highest (19.48 Wh kg™) energy density. In contrast, the PPy
and PPy-Hs[PVMo011040] provide 1.48 Wh kg* and 16.8 Wh kg* of energy density in 0.2

A glcurrent density.

3.1.3 EIS studies

In order to know the electrical characteristics of the electrode-electrolyte interface,
electrochemical impedance spectroscopy (EIS) was carried out for PPy, PPy-
H4[PVMo011040], and PPy-Hs[PV2Mo010040], two new composites, and data are expressed
as Nyquist plot over 1 to 10° Hz frequency range (Figure 3.9) with 10 mV dc applied
potential. The insert pictured in Fig. 3.9, a small arc in the high-frequency region, shows
dominating the supercapacitor’s resistive nature within electrode/electrolyte/current-

collector better for PPy-Hs[PV2M010040] than PPy-H4[PVMo01:1040] and PPy.

An appropriate equivalent circuit for two composite electrode materials is presented in
Fig. 3.10, and their fitting data are summarized in Table 3.1 from the Nyquist plot. Since
its symmetric arrangement so C1= C,= C; and similarly, Rct1 = Reto= Ret. Thus, the total
impedance is represented in the cell equation (2.7) and (2.8).
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Fig. 3.9 a) Nyquist plots, and b) Bode plots for the PPy, PPy-H4PVM011040], and PPy-
Hs[PV2Mo010040] electrodes.
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The cell capacitance values were observed as 9.15 mF and 5.38 mF for PPy-
H4[PVMo011040] and PPy-Hs[PV2Mo010040], respectively (Table 3.1). EIS testing is used
for dielectric spectroscopy analysis, which measures the power cell impedance as a
frequency function. This frequency range is adjusted by employing a low amplitude
alternative voltage superimposed on a steady-state potential. The responses are usually
explicit as a Nyquist plot (Fig. 3.9a) and Bode plot (Fig. 3.9b). The cell capacitance and
impedance were calculated from the EIS data for the device (laboratory scale) applications

using equations (2.9), (2.10), and (2.11), and the following information is summarized in
Table 3.2.

Equivalent series
resistance (R)

Fig. 3.10 The equivalent circuit is used for fitting the Nyquist plots.

Table 3.1 Fitting Data of Equivalent Circuit Elements Obtained by Nyquist plots

Rp = Cell Max Peak
. Rs Ret Rs + capacitance currents
Materials @ | @ | Ra | cre=t@ara | MHD | =05%Cr
(Q) m[z]) Vo/1+C1Rct)
PPy- 4
Ha[PVM01:04] 0.95 [ 5.55 6.5 9.15 mF 1x10 4.35 mA
PPy-
Hs[PV>M016040] 198 | 6.16 | 8.14 5.38 mF 100 2.603 mA
PPy 132 | 1.03 | 235 6.51 mF 251 2.58 mA

“If we divided Crt with the mass of the one electrode, then it’ll be the capacitance (which
is frequency-dependent and calculated at the lowest frequency) from EIS.
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Table 3.2 Fitting Data Obtained from Bode plots.

Phase . Relaxation
. Phase Angular | Time )
: changing . . time

Materials changing | velocity | constant

frequency angle (9) | (0=2nfo) | (t==CtRe0) constant

(fo) (to= 1/ fo)
PPy-Hsj[PVMo01:040] | 1585Hz | -44° 9958.85 |50.78 ms [ 0.63 ms
PPy-Hs[PV2Mo1Ouo] | 6310 Hz | -30° D408 13314ms | 016ms

3.1.4 Cycle stability studies

The capacitance retention plots of the PPy-Hs[PV2Mo010040], PPy-H4[PVMo011040], and
PPy are shown in Fig. 3.11a, respectively show using a cyclic voltammetry test at 500 mV
s’ scan rate. After 4500 cycles, the PPy-Hs[PV2Mo010040] electrode shows superior cycling
stability, with capacitance retention of ~95% and 99% retention stability for PPy. The PPy-
H4[PVMo11040] electrode offers lesser cyclic stability, with particular retention of the
capacitance of ~91%. As presented in Fig. 3.11b, the 1st and 4500th cycle stability of PPy-
Hs[PV2Mo010040] proves the electrode’s excellent stability.
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Fig. 3.11 a) Cycle stability of PPy, PPy-Hs[PVM01:1040], and PPy-Hs[PV2M010040]
electrodes, and b) 1st and last cycles for PPy-Hs[PV2Mo010040] after 4500 cycles at 500 mV
S—l
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This chapter dealt with the one-pot synthesis of PIn/PV2.Mo1o and PIn/PVVMo11 and their
symmetric cell arrangement. Here, we report a simple method of two polyoxomolybdate
(H4[PVMo011040] and Hs[PV2Mo010040]) doped polyindole (PIn) composites for ECSs. The
overall electrochemical performance was improved due to the faradic contribution of

POMs and polyindole. Moreover, the stability of polyindole was increased after the
formation of composites.

4 Result and Discussion

4.1 Structural, chemical, and morphological characterizations

4.1.1 Fourier transform infrared spectroscopy
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Fig. 4.1 FTIR of A) PIn, B) PIn/PVMos, and C) PIn/PV2Mox.

Fig. 4.1 depicts the comparative FTIR of Polyindole (PIn), PIn/PVMoi;, and
PIn/PV2Moso. PIn revealed the characteristic absorption bands at 3400 (vN— H), 3000 (sp?
C-H), 1619 and1490 (v C-C, Ar), 1460 (v C— N) 1365 (v C=N), and 741 cm™ out of plane
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deformations (v C— H, Ar), respectively (Mudila et al. 2015). The FTIR of the two POMs
(PVMoz1 and PV2Moxo) is reported elsewhere (Vannathan et al. 2020). Fig. 4.1B and C
represent the FTIR of PIn/PVMoz: and PIn/PV2Mo1o hybrid electrode, which showed the
retained chemical structure of both POMs (PVVMo1: and PV2Mo1o) and characteristic bands
at 1058 (1055, v P-0), 960 (961, vMo=0), 744 (v V=0) cm’!, respectively. Further, the
POMs characteristic bands were also observed in the hybrid materials and confirmed the

impregnation of POMs on the Pln surface.

4.1.2 Thermogravimetry analysis
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Fig. 4.2 TGA of pure PIn, PVMo11, PV2Mo10, PIn/PVVMo11, and PIn/PV2Moz.

Fig. 4.2 depicts the TGA of PIn, PVMou1, PV2Mo1o, PIN/PVMo11, and PIn/PV2Mo1o
electrode materials. As seen from the thermal decomposition, the doping of redox-active
polyoxometalates increases thermal stability. The DTG and the TGA curve of PIn show
the first weight loss of 2.95% at 61.71 °C because of the moisture removal (Anjitha et al.
2019). Several-weight losses were observed after the glass transition temperature,
indicating the polymer backbone's stage-wise decomposition. The 50% weight loss of PIn

was observed until 500 °C, which was prepared from the aqueous solution, using FeClz as
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an oxidant. The higher thermal stability of the PIn was varied depending on the synthesis
medium. For example, 50% weight loss was observed at 681.85 °C when synthesized from
CH3CN/BusNBF4 medium (Choi et al. 1992). The PIn generally has higher thermal
stability, possibly due to the absence of counterions and a change in the molecular structure
(Zhou and Xu 2017). The weight loss of pure PVMoz: and PV2Mozo was observed till 123
°C and 101 °C, for both the POMs ascribed to the expelling of the moisture and crystal
water molecules, and further heating of both the POMs exhibited utmost phase transition
stability at 343.8 °C, and 291.5 °C, respectively. The thermal decomposition of both the
POMs is well documented in the published article (Vannathan et al. 2020). The weight
losses of doped PVVMoz1 and PVV2Mo1o on Pln are depicted in Fig. 4.2. The first weight loss
of 3.55% at 63.56 °C corresponds to the moisture removal from the hybrid material. The
final weight loss (14.3%) to 765.81 °C is ascribed to the degradation of inorganic moieties
of the PIn/PVMozi. Likewise, the inorganic moieties in PIn/PV2Mo1o decompose above
750 °C. Fig. 4.2 shows that both the PIn/PVVMo11 and PIn/PV2Moyo electrode materials are
more stable than the pure PIn. In other words, doping POMs increased the electrode
materials stability by many folds. This phenomenon can be explained due to the synergistic

interaction between the anionic PVMo1: and PV2Mo1o with Polyindole.

4.1.3 X-ray diffraction spectroscopy

In agreement with the Powder X-ray diffraction (PXRD) patterns (Fig. 4.3), the
deposition of pure Ha[PVMo011040] and Hs[PV2Mo010040] on PlIn shows the amorphous
nature of PIn/PVMoz11 and PIn/PV2Mo010040. The PIn shows characteristic broad peaks at
20 =7.89°, 18.75°, and 23.834° with 11.2, 4.73, and 3.73 A lattice spacing and broad peaks
indicating the microsphere structure of the material (Vannathan et al. 2020). The P-XRD
pattern of PVMo1: showed peaks at 20 of 9.7°, 16.8°, 21.8°, 26.8°, 27.6°, 28.98°, and
31.8° with a high percentage of crystalline material. Similarly, the PXRD pattern of
PV2Moio showed similar diffraction angles (20) (9.76°, 16.96°, 21.41°, 26.45°, 27.75°,
28.99°, and 31.72°) and exhibited high crystalline material. After doping both the POMs

on the backbone of PIn in situ, the number of diffraction angles reduced, indicating the
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material’s amorphous nature. The loss of crystallinity of POMs is distinctly visible in Fig.

4.3.
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Fig. 4.3 PXRD pattern of PIn, PVMo11, PV2Mo1o, PIn/PVMo11, and PIn/PV2Moio

4.1.4 Field emission scanning electron microscopy and Energy-Dispersive
X-ray spectroscopy

In order to have further insight, the surface morphology (FESEM) of all the hybrid
materials (PIn, PIn/PVMoz11, and PIn/PV2Mo10) was performed under identical conditions
presented in Fig. 4.4A-C. FESEM reveals porous, rough surfaces with the non-uniform
distribution of the PIn with 0.964 um size (Fig. 4.4A). Fig. 4.4B-C shows the FESEM
images of the two new PIn/PVMoy1 and PIn/PV2Mozo hybrid electrodes synthesized in situ

by doping redox-active POMs on Indole.

The energy dispersive X-ray (EDS) spectroscopy analysis was supported by the
presence of all elements in PIn, PIn/PVMoui, and PIn/PV2Mouo, as shown in Fig. 4.4D-F.
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The EDS spectra confirmed C and N in pure PInand C, N, O, P, V, and Mo, in PIn/PVMo11
and PIn/PV2Mozio hybrid electrodes, respectively.

2 4
Full Scale 3200 cts Curser: 0.000

Fig. 4.4 FESEM images of A) pure PIn, B) PIn/PVMou11, and C) PIn/PV2Mo1o. EDS spectra
of D) pure PIn, E) PIn/PVMou11, and F) PIn/PV2Mouo, respectively.
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Fig. 4.5 shows the N> adsorption/desorption isotherm of PIn, PIn/PVMoai, and PIn/
PV2Mo1o materials.

The specific BET surface area of PIn, PIn/PVVMoz11, and PIn/PV2Mo1o composites is 3.3,
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7.52, and 9.3 m?/g. The composite materials exhibited type IV nitrogen adsorption isotherm
without a defined hysteresis loop suggesting nonporous in nature, as shown in Fig. 4.5.
Lower the newly synthesized electrode material’s surface area, offering a high amount of
doping of PVMo1: and PV2Mozg into the PIn surface. The lower surface area indicates that
the PIn/PVMoz1and PIn/PV2Moio composites were fully integrated into the polymer matrix

surfaces and may deliver substantial capacitance.

4.2 Electrochemical measurements

4.2.1 CV studies and GCD studies

The pseudocapacitive materials (e.g., transition metal oxide, conduction organic
polymers) exhibit high specific capacitance and large energy density, making them ideal
electrode materials for SCs. The electrochemical measurements of PIn, PIn/PVVMo11, and
PIn/PV2Mo1o electrodes were studied by cyclic voltammetry (CV) and galvanostatic
charge-discharge (GCD) at 0.25 M H2SQOg4 electrolyte solution using 2-electrode systems.

As depicted in Fig. 4.6A, the pure PIn electrode's CV curves were determined at various
scan rates from 5-100 mV s™. It reveals a quasi-rectangular shape without noticeable redox
peaks, indicating an excellent electrical double layer charge storage performance. Although
PIn has been considered superior electrode material for SCs due to its high thermal
stability, slow degradation, and fast redox reaction (Adhikari et al. 2018). Moreover, the
specific capacitance of pure PIn has been reported, and capacitance varies from 93-114 F
gl in the various electrolyte solution in three-electrode systems (Majumder et al. 2017;
Purty et al. 2019). It exhibits low specific capacitance because of the low electrical
conductivity compared to other CPs. However, the obtained linear plot in the potential
range of 0-1V of charge-discharge curves revealed the good capacitive property (Fig. 4.6B)
of the PIn at 0.25M electrolyte solution. The specific capacitance was observed
significantly less (33.50 F g) even at a lowering current density (0.2 A g%).

Moreover, the PIn/PVMo11 and PIn/PV2Moyo electrodes show distorted rectangular

shapes with a few redox peaks in the CV curves (Fig. 4.6C and 4.6E) with similar scan
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rates of 50-100 mV s. This could be due to the pseudocapacitive behavior of both PIn and
redox-active polyoxometalates (PVMoi1 and PV2Moio). The specific capacitance was
calculated to be 26.4 F g™ for PIn/PVMo11 and 60.81 F g™* for PIn/PV2Mo, electrodes at
the same scan rates of 5 mV s™. The capacitance decreases with increasing the scan rates
for all the above cases due to the faster kinetics at higher scan rates. Eventually, the
electrolyte ion takes less time to penetrate the electrode (Zhou et al. 2016). The electrolyte
ion's kinetic energy is reduced and has enough time to diffuse to the electrode surface,
causing higher specific capacitance upon lowering the scan rates.
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Fig. 4.6 CVs of (A)PIn, (C) PIn/PVVMous, and (E) PIn/PV2Moyo at various scan rates. GCD
curves of (B)PIn, (D) PIn/PVMoauz, and (F) PIn/PV2Mo1o

The capacitance of PIn/PVMo1: and PIn/PV2Mozo electrodes was estimated by GCD
(Fig. 4.6D and 4.6F) measurements at various current densities. The pseudocapacitive
nature of the electrodes could be visible in the charge-discharge curves, suggesting
reversibility characters. The specific capacitance was estimated to be 177.36 and 198.54 F
gt for PIn/PVMou; and PIn/PV2Moxo electrodes, respectively, at 0.2 A g current density,
which is significantly higher values than the pure PIn under the same conditions. Equation
(2.1), (2.2), (2.5), and (2.4) are used for the calculations of specific capacitance, energy,
and power density. The much higher capacitance is probably due to the increment in the
conductivity derived from PIn and the combination with redox-active polyoxometalates
ions (PVMou and PV2Moio) ions movements become faster. Simultaneously, the
PIn/PVMoz11 and PIn/PV2Mozo electrodes displayed an energy density of 9.77 and 10.19
Wh kg, respectively, at the same 0.2 current density (Fig. 4.7B). As seen in Fig. 4.6D
and 4.6F, the specific capacitance values decrease with an increase in current density (Fig.
4.7A), illustrating that the electrochemical diffusion mechanism leads to energy storage.
We envisaged that the electrolyte ions have higher kinetic energy, less diffusion time and
increasing current density (Padmanathan and Selladurai 2014).
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Fig. 4.7 A) specific capacitance vs current density, B) Power density vs energy density of
PIn/PVMou11, and PIn/PV2Mogyo electrodes.

4.2.2 EIS studies

The electrochemical impedance spectroscopy (EIS) analysis has been performed to
examine the resistance at all composite’s electrode-electrode interfaces. All the data are
presented as the Nyquist plot over 1 to 10° Hz frequency range (Fig. 4.8) with 0.01 mV dc
applied potential.

In Fig. 4.8, the insert pictured a small arc in the high-frequency region for PIn/PV2Mo1o
electrodes, indicating the dominating supercapacitor’s resistive nature within the electrode-
electrode interface. Pure PIn and PIn/PVVMo11 have a minimal arc in the high frequency,

suggesting the flawed resistive character.

The cell capacitance calculated based on equation (2.11) (vide infra) observed that
PIn/PV2Moyg electrode material could apply to a small cell. So, the pseudocapacitance
arises either from the electrolyte or redox reaction of PIn and POMs. (P. Chithralekha et
al., 2009).
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Fig. 4.8 Nyquist plots for the PIn, PIn/PVVMoz11, and PIn/ PV2Mo1o electrodes.

The cell capacitance and impedance were estimated using the EIS data for the device
(laboratory scale) applications. The cell capacitance values of PIn, PIn/PVMoii, and

PIn/PV2Mo1o were calculated and observed as 0.56, 1.13, and 5.9 mF, respectively.

4.2.3 Cycle stability studies
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Fig. 4.9 a) Cycle stability of PIn, PIn/PVMou1, and PIn/PV2Mo1o. (b) 1% three cycles of
PIn/PV2Mo1o based on GCD at 4 A g,

The capacitance retention plots of the PIn, PIn/PVVMoz1, and PIn/PV2Moauo, respectively,

shown in Fig. 4.9a, exhibit a cyclic voltammetry test at 4 A g current density based on
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the GCD curve. After 10,000 cycles, the PIn, PIn/PVMozs, and PIn/PV2Mos1o electrodes
retain their cycling stability of 78.4, 83.4, and 84.5%, respectively.
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This chapter describes the oxidation-based formation of new nanohybrids from two
isostructural POMs (H4[PVMo011040] and Hs[PV2Mo010040]) and polyaniline (PAni). The
POMs oxidize the aniline monomer to polyaniline, and POMs dwell on the backbone of
polyaniline to produce two nanohybrids, PVMo1:@PAni and PV2Mo1o@PAni, for SC

applications. POMs will help to provide protons to the polyaniline throughout the
electrochemical process.

5 Result and Discussion

5.1 Structural, chemical, and morphological characterizations

5.1.1 Fourier transform infrared spectroscopy
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Fig. 5.1 FTIR spectrum of A) PVMoz11, B) PV2Moz1o, C) pure PAnNi, D) PVMou@PAnNI,
and E) PV2Mo1o@PAnNI

The Fourier-transform infrared spectroscopy of PVMo11@PAnNi and PV2Mo1o@PAnNi
were recorded (Fig. 5.1B-C) to ascertain the presence of POMs and get insights into the
anchoring of POMs at the PAni surface. The FTIR spectrum of pure PAni is also provided
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in Fig. 5.1A for comparison. Both the Keggin ions PVMo11 (Fig. 5.1D) and PV2Moso (Fig.
5.1E), were retained their chemical structure, confirmed by the evolution of the
characteristic bands of the P-O bond at 1059 cm™ (1055 cm™ for E) followed by the Mo=0
at 956 cm™ (960 cm for E), M-Oe-M at 860 cm™ (857 cm™ for E) and 600 cm™ (595 cm
"L for E), M-Oc-M at 781 cm™ (789 cm™ for E). These bands match with the earlier
reported compounds in the literature (Lin et al. 2019). However, for pure PAnI, the
corresponding FTIR bands are corroborated well with those reported by Gomez-Romero
and coworkers (Ran et al. 2018) (Fig. 5.1C). The peak at 1581 cm™ (1586 cmfor E)
corresponds to the presence of a deformation mode of benzene rings in aniline, the peak at
1495 cm™(1501 cm™ for E) is attributed to the deformation of quinoid rings, 1248 cm™and
1142 cm™ (1248, and 1143 cm*for E) to C=N (Fig. 5.1D) stretching of a secondary amine
for the characteristic band of pure PAni.

5.1.2 Thermogravimetry analysis
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Fig. 52 TGA spectrum of PAni, PVMou, B) PV:Moin, PVMou@PAni, and
PV2Mo10@PAnNI
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Because of the swelling (charging, oxidation) and shrinking (discharging, reduction)
properties of conducting polymers, applications in energy storage devices are scarce.
Impregnated or doping of redox-active transition metal oxide, mainly acid Keggin-type
POMs, into the conducting polymer backbone might increase the thermal stability and be
useful in electronic devices. Therefore, all electrode’s thermal stability in this study was
examined by TGA analysis. Fig. 5.2 depicts the combined TGA graphs of pure PAni,
PVMou1, PV2Mo1o, PVMo11@PAnNI, and PV2Mo1o@PAnNi. The DTG graph of pure PAni
revealed a first weight loss of about 12.39% at the glass transition temperature of 74.63 °C,
and the complete decomposition was observed at a quite high temperature at 707.78 °C, as
shown in the DTG graph. The thermal decomposition of both the POMs is well described
in the reported article (Tan et al. 2012). The thermogram of POMs, impregnated PANi
hybrid materials, PVMo11@PAnNI, and PV2Mo10@PANI, is presented in Fig. 5.2. The first
weight loss (3.65%) at 62.48 °C is attributed to the hybrid material’s moisture removal.
Beyond 500 °C, the steady weight loss (23.25%) till 800 °C is assigned to the
decomposition of POMs moieties of the vanadophosphomolybdate PVMoi:@PAni
electrode (Fig. 5.2). Likewise, the weight loss (4.74%) until 68 °C is attributed to moisture
removal. Beyond that temperature, further weight loss is assigned to the decomposition

POMs moieties of other vanadophosphomolybdate in the PV2Mo10O40@PAnNI.
5.1.3 X-ray diffraction spectroscopy

The XRD patterns of pure polyaniline are depicted in Fig. 5.3A. The broad diffraction
peak appears at 20 = 25.42 with 3.501 A lattice spacing of PAni. The broad diffraction
peak could be because of the parallel and perpendicular periodicity of the PAni chain (Akba
etal. 1997). The XRD pattern exhibits low crystallinity of the conducting polymers because
of repeating benzenoid and quinoid rings in the PAni Emaradine backbone (Barth et al.
1999). The XRD pattern of PVMo1: (Fig. 5.3C) showed diffraction peaks at 26 of 9.7°,
16.8°, 21.8°, 26.8°, 27.6°, 28.98°, and 31.8°. Similarly, the PV2Moyo (Fig. 5.3B) showed
diffraction peaks at 26 of 9.8°, 16.9°, 21.4°, 26.4°, and 27.9°, respectively (Chandrasekhar
and Gumbs 1991; Cuentas-Gallegos et al. 2005). Such a pattern can be indexed with
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triclinic symmetry, indicating a high percentage of crystalline material. On doping two
protonated Keggin-type POMs on PAni, the characteristic XRD peaks of 9.8 and 26.4 of

20 for PV2Moqo (Fig. 5.3D) were disappeared entirely, suggesting the loss of crystallinity
of the PV2Mo1o@PAnNi material,
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Fig. 5.3 PXRD patterns of A) PAni, B) Hs[PV2Mo010040], C) H4[PVM01:1040], D)
PV2Mo10@PAni, and E) PVMo11@PAni electrode.

5.1.4 Field emission scanning electron microscopy

Fig. 5.4 presents the typical field emission scanning electron microscopy of pure PAnI,
PVMou@PAni, and PV2Moio@PAnNI, respectively, composite electrode materials.
FESEM analyzed the surface morphology of the above electrode materials. The uneven
square structure is noticed for PAni, as shown in Fig. 5.4A. The different morphology for
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PVMowu@PAnNi than pure PAni is illustrated in Fig. 5.4B due to the mainly doping effect
of PVMo on the PAni surface. Fig. 5.4C depicts the surface morphology of the
PV2Mo1o@PAnNi composite. This clearly shows the spherical shape with an agglomerated
structure., The average diameter of the pure PAni, PVMou@PAnNi, and PV2Mo1o@PAnI
are observed at 4.7, 0.59, and 0.6 um, respectively.

g

EMT= 500kV  Signal A= InLens

Fig. 5.4 FESEM micrograms of A) pure PAni, B) PVMo11:@PAni, and C) PV2.Mo1o@PAni
electrode.

5.1.5 Energy-Dispersive X-ray spectroscopy

The EDS (energy-dispersive-X-ray) spectroscopy analysis was exhibited to check
PVMoaz: and PV2Mogo in the PVMo1:@PAnNi PV2Mo10@PANI, respectively. The EDS of
pure PAni was also analyzed to compare with PVMo11@PAnNi and PV2Moio@PAnNi. Fig.
5.5 illustrates the typical EDS spectra of pure PAni, PVMo11@PAni, and PV2Moio@PANI
composite, respectively. It is confirmed from the EDS spectra that the presence of P, V,
Mo, C, and N in PVMou:@PAni and PV2Mo10@PAnNi composite (Table 5.1).
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Spectrum 1

Spectrum 1

Fig. 5.5 EDS spectra of A) pure PAni, B) PVMou1@PAni, and C) PV2Mo1o@PAnNiI

Table 5.1 Elemental composition of PAni, PVMou1@PAni, and PV2Mo10@PAnNi from
EDS.

Atomic (%)
Materials
N O C P vV Mo
PAnNi 224 51.73 25.87 - - -
PVMo1;@PAnI 0.49 55.64 27.82 1.16 0.44 14.46
PV>:Mo10@PAnNI 1.57 54,9 27.45 1.15 1.52 13.41

5.1.6 Brunauer—-Emmett-Teller

The N2 adsorption/desorption studies were performed to determine the specific BET

surface area of PAni, PVMo11@PAni, and PV2Mo10@PANI, respectively, as shown in Fig.
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5.6. The specific BET surface area of PAni, PVMou@PAnNi, and PV2Moio@PAnNI,
composites are 2.48, 7.3, and 5.6 m?g!, respectively. The electrode materials exhibited the
type IV nitrogen adsorption isotherm with no well-defined hysteresis loop. However, all
the composites exhibited hysteresis in the low relative pressure region.
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Fig. 5.6 A) Nitrogen adsorption/desorption isotherms and B) Pore volume graph of pure
PAni, PVMo1:@PAni, and PV2Mo1o@PAnNi electrode.

5.2 Electrochemical measurements

All the electrochemical characterization, such as cyclic voltammetry (CV),
Electrochemical impedance spectroscopy (EIS) analyses, Galvanostatic charge-discharge
(GCD), and cycle stability, were performed in a two-electrode electrochemical system in
0.25 M aqueous H2SO4 electrolyte solution at various scan rates ranging from 5 to 100 mV
st for CV and 3to 15 A g™* current density for GCD. Equation (2.1) calculates the specific

capacitances (Cs) of all the electrode materials from the CV data.

One of the basic requirements for a high-demand supercapacitor is the high-power
characteristic (Vannathan et al. 2020). Thus, the energy density of PAni, PVMo11@PAnNI,
and PV2Moio@PANI electrodes was examined by the CV at different scan rates and the
GCD for various current densities. CV details the electrode materials’ oxidative/reductive

nature in a suitable electrolyte. It also includes essential information on the specific
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capacitance in different scan rates for an energy storage device.

For the first time, Diaz and his coworkers reported the electrochemical behavior of PAni
in 0.25 M, H2SO4 by electropolymerization method in 1980 (Pawar et al. 2010). Lokhande
and coworkers investigated the electrochemical performance of three forms of PAni,
mainly leucoemeraldine, emeraldine, and pernigraniline, in a 1 M HSOs aqueous
electrolyte medium at different scan rates. They observed that emeraldine (E) provides the
highest (258 F g*) specific capacitance (Mostafaei and Zolriasatein 2012), which is much
lower than earlier reported by the same group.

5.2.1 CV studies

We have investigated first the electrochemical measurements of pure PAni at various
scan rates (Fig. 5.7a) in 0.25 M H,SO4 and observed that the emeraldine form’s lower
specific capacitance is about 33.45 F g at 5 mV s?. Notably, lowering the Cs values

typically depends on the surface morphology, size, and thickness of the PAni film.

The CV of PVMo1:@PAni and PV2Mo10@PAni are illustrated in Fig. 5.7b and 5.7¢c
within the potential window of 1 V at 0.25 M H2SO4 electrolyte medium at several scans
rates of 5 to 100 mV s. The CV graph of pure PAni (Fig. 5.7a) shows only one redox
peak, and it also has been noticed that the large capacitive current slowly swallows the
redox peaks at a high scan rate.

The CV of pure PAniI represents the pseudocapacitive nature of the electrode. Similarly,
the CV of PVMo11@PAnNi and PV2Mo10@ PAnNi electrodes show oxidation and reduction
peaks and describe the electrode's pseudocapacitive nature. One redox peak is visible for
the PVMo11@PANi electrode. The specific capacitance of all electrode materials was
calculated using equation (2.1), and the capacitance values at various scan rates are given
in Table 5.2.
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Fig. 5.7 Cyclic Voltammetry at various scan rates a) pure PAni, b) PVMo11@PANI, and c)
PV2Mo10@ PAnI at 0.25 M H2SOg4electrolyte medium.

The PVMo11@PAni electrode exhibits the highest specific capacitance of 150.01 F g*
at a5 mV s!scan rate compared with pure PAni and PV2Mo1o@PAni specific capacitance
of 33.45 and 119.61 F g at a 5 mV s scan rate, respectively. The specific capacitance of
PVMou@PAnNi and PVoMoio@PAni is higher than pure PAni due to the strong
electrostatic interactions of two POMs (e.g., PVMo11 and PVV2Mo1o) with the n-conjugated
structure of PAni, helps to acquire more POMs on the PAni polymer backbone (PXRD
analysis also supports). Due to the strong interaction of PAni with POMs (M=0 bonds),
there is a high possibility of charge transfer between the POM and PAni. Therefore
increases the active sites for faradaic reaction to happen, hence elevating the specific

capacitance (Boudjema et al. 2015). The diffusion of protons hinders the reaction at higher scan

rates. The specific capacitance increases with a decreasing scan rate because the proton diffusion
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occurs within the electrode’s inner active sites allowing the redox reaction to complete (Sapurina

et al. 2002).

Table 5.2 Specific capacitance of pure PAni, PVMo11@PAni, and PV2Moio@PANI
electrodes at various scan rate

Scan Rate (mVs") Specific Capacitance (F g1)
Pani PVMou@PAnNiI PV:Mo10@PANi

100 7.12 41.75 37.48

70 8.2 53.56 47.55

50 11.21 63.06 55.71

30 13.09 79.17 69.63

20 17.62 91.72 81.71

10 24.46 125.00 103.93

5 33.45 150.01 119.61

5.2.2 GCD studies

A galvanostatic charge-discharge (GCD) at a constant current density and various
current densities was studied to estimate all electrode material’s electrochemical
performance. The GCD for all electrode materials was demonstrated at the constant
potential window of 0 to 1 V at various current densities. Fig. 5.8A represents the combined
GCD plot of pure PAni, PVMo1:@PAnI, and PV2Moip@PAnNi composite at a constant
current density of 3 A g. The GCD curves of all the electrodes are not perfectly triangular
because of the oxidation/reduction properties of the PAni. The redox-active POMs
impregnated on the COPs could be allowed to be studied in a wide potential window (Diaz
and Logan 1980). Fig. 5.8A illustrates that in pure PAnI, the discharge plot at a constant
voltage shows huge IR drops and decreases the capacitance. In the case of PVMo11@PANI
and PV2Mo10o@PAnNi composite, the discharge occurs in two steps two redox reactions as

also visible by the two peaks of the CVs.
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Fig. 5.8 A) Comparative GCD plot of pure PAni, PVMo11@PAni, and PV2Mo10@PAnNi
electrode at a constant charge/discharge current density at 3 A g. GCD plot of B)
PVMo1u1@PAni and C) PV2Moio@PANI electrode materials.

Moreover, the longer discharge durations are attributed to the combination of both
EDLC and pseudocapacitance. The non-linear GCD plots of PVMo1u@PAnNi and
PV2Mo10@PAni electrode materials at various current density densities of 3to 15 A g™ are
presented in Fig. 5.8C and D (excluding IR drop). The decreasing discharge time with an
increasing current density is due to the faster movement of the electrolyte ions. It takes less
time to penetrate through the electrode’s pores at a higher current density and decreases
capacitance with lowering current densities (Jamadade et al. 2010). The shape of the curve

instead depends on mass transport phenomena and electrokinetics.
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The perfect triangle linear curve does not observe in this case because of the presence
of the redox-active materials, which lead to the Faradaic reaction (pseudocapacitance) and
hence non-linear curved attributes. The capacitance (C) of all electrode materials was
calculated based on the non-linear GCD plots using equation (2.3). All specific
capacitance values at various current densities are tabulated in Table 5.3. The specific
capacitance was calculated, excluding the IR drop shown in Fig. 5.8B due to the non-linear
curve of the GCD.

Table 5.3 Specific capacitance of pure PAni, PVMo1u1@PAnIi, and PV2Moio@PANI
electrodes at various current densities from GCD plot at 1 V potential windows.

Specific Capacitance (F g1)
Current density (A g?) PAnNI PVMou@PAnNI PV:Mo1@PAnNi
3 316 1371 602
4 262 1289 486
5 245 1223 437
6 233 1164 373
7 223 1134 349
8 213 1072 347
9 205 1104 316
10 199 1065 304
15 162 934 238

The PVMou1@PAni shows an outstanding capacitance of 1371 F g at 3 A g* current
density, which is much higher than that of PAni (316 F g%) and PV2Mo10@PAni (602 F g°
1y under the same measurement conditions. The excellent result might be due to the
enhancement of electrical conductivity derived from PAni and the association with
PVMou: and PV2Moig, making ions transportation faster. Also, these capacitance values

are significantly higher than the reported work (Manivel et al. 2014).
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The capacitance of all electrode materials decreases (tabulated in Table 5.3) with an
increase in current density (Fig. 5.9A). Both the redox reaction and the charge diffusion
rate cannot match the rise in the current density (Dhawale et al. 2010; Zhang et al. 2009a).
Nonetheless, we still have observed the PVMo11@PAnNI hybrid material shows a steady
decrease of its capacitance by 68.13% (from 1371 to 934 F g*) with an increase in current
densities from 3 to 15 A g*. In contrast, the PAni hybrid decreases the capacitance very
fast, 51.27% (from 316 to 162 F g1) from 3 to 15 A g*. Similarly, the other electrode,
PV2Mo10@PANI (39.53%), shows the same trend as pure PAni, showing a fast decrease of
the capacitance from 602 to 238 F g* at the same current density (Table 5.3). The
PVMou@PAnNi electrode showed better penetration of the electrolyte than the other
electrodes. The capacitance vs. different current density plots (Fig. 5.9A) stipulates that the
PVMou@PAnNi electrode exhibits higher capacitance than the pure PAni and
PV2Mo10@PANI electrodes.

The energy density and power were studied for pure PAni, PVMo11@PANI, and
PV2Mo10@PAnNI electrode materials (Fig. 5.9B). One of the most significant drawbacks of
any supercapacitor electrode materials is having sparse energy density, albeit with a high
power density. In this study, two composites, PVMou@PAnNIi, and PV:Mo1o@PAnNi
showed high energy density and power at 3 A g* current density compared to pure PAni.
All electrode’s energy density and power were calculated using equations (2.4) and (2.6)
from the charge/discharge profile.

The PVMou@PAnNi composite electrode showed an outstanding energy density of
137.5 Wh Kg! at a power density of 4715.6 W kg* at 3 A g* current density s.
Furthermore, even at a higher current density (15 A g?), the electrode shows an energy
density of 73.2 Wh Kg* at a higher power density of 19367.7 W kg, indicating excellent
electrochemical features PVMo1:@PAnNi SCs. For example, Chen et al. reported an energy
density of 6.4 Wh Kg* at a power density of 22.5 W kg for the SWCNT-TBA-PV2Moio
symmetric cell (Dhawale et al. 2010). These values are substantially higher than reported
symmetric cells of POMs-based SCs (Dubal et al. 2017b; Li et al. 2010). Moreover, the
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PV2Mo10@PANI composite gives a comparatively much better energy density of 62.3 Wh
Kg™ than pure PAni (22.8 Wh Kg?) at the same current density. The maximum power
density of 10046.5 W Kg* was achieved for PV.Mo1o@PAnNi with a significantly less
energy density of 14.54 Wh Kg* at 15 A g*. A Ragone (energy density vs. Power) plot is
depicted in Fig.5.9B, indicating that the PVMo1:@PAni exhibits higher energy density
than the other electrodes.

160
1600 —&_pani ~@— PAni
A ~&- PVMo,,@PAni 10 B PVMo,,@PAni

0 —&_ PV,Mo,,@PAni @— PV, Mo, @PAni
2
w S 120 <
g 12001 §
c 100 4
g 3
5 1000 2
] B 804
g s
3 8001 a
o 3 601
E 600 2
] 1] -
g 40
< 4004

20 -

200 4
T 0 T T T
0 2 4 6 8 10 12 14 16 18 0 5000 10000 15000 20000
Current Density (A/g) Power Density (W/Kg)

Fig. 5.9 A) plot of capacitance vs. current densities and B) Ragone plot of pure PAni,
PVMou@PAnNi, and PV2Mo1o@PANiI electrodes.

5.2.3 EIS studies

Electrochemical impedance spectroscopy (EIS) was performed to explore the internal
resistance measurement, charge transfer kinetics, and ion diffusion process for all electrode
materials for SCs applications. Fig. 5.10 exhibits the Nyquist plots for pure PAni,
PVMou @PAni, and PV2Mo1o@PANi composite and, in the insert, the semicircle arc of all
three electrodes. The EIS data were analyzed from the Nyquist plots, plotted against the
impedance's imaginary component (—Z") vs. the real component (Z') of the impedance over

a 0.01 to 10° Hz frequency range of 0.01 V amplitude.

The Nyquist plots illustrate the frequency response of the electrode/electrolyte system
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in a capacitor. The Nyquist plots of pure PAni show the incomplete semicircle over the
high-frequency region. This exhibits the electron transfer kinetics of redox reactions
electrode-electrolyte interface interfacial charge-transfer resistance R is about 4.25 Q for
pure PAni at room temperature. The Nyquist plot of the P\VVMo11@PAnI electrode reveals
that the interfacial charge transfer Rc: value is about 1.19 Q. Likewise, the R value for
PV2Mo1o@PAni was measured from the Nyquist plot’s semicircle arc and observed a value
of about 3.18 Q. The lower value of Rt suggests the reduction of the internal resistance of
the hybrid (Chen et al. 2015). The cell capacitance is calculated based on the equation
(2.12). All values are summarized in Table 5.4, and it is observed that all electrode

materials could be applicable to a small cell.
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Fig. 5.10 Comparative Nyquist plots of pure PAni, PVMo11@PAnI, and PV2Mo10@PAni.
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Table 5.4 Ret, Rs, and Rp values of PAni, PVMo11@PANI, and PV2Mo1o@PAnNiI electrode
from Nyquist plot.

Electrode Ret Rs | Rp=Rs+Rct fk(Hz) Cell capacitance
@) | Q) | (@) (mF)
PAnNiI 4.25 0.91 5.15 251 5.1
PVMou@PAnNi | 1.19 | 2.551 1.33 1000 78.4
PVoMo1o@PAnNi | 3.18 0.84 4.02 631 2.77

The Nyquist plot of pure PAni and PV:Moi@PAnNi SCs goes even more outward
towards lower frequencies, indicating the pseudocapacitance effect materials. Since its

symmetric arrangement (Fig. 5.11A), then C1= C,= C; and likewise, Rct1 = Reo= Ret.

The capacitance is dependent on the mass and the size of the device. Zhang et al. have
mentioned that for a microcell, the cell capacitance value should be 1mF for a small cell,
and for a medium cell, the cell capacitance value should be in the range between 1 mF-10
F (Morishita et al. 2007). In this case, all electrodes, pure PAni, PVMo11@PAni, and
PV2Mo10@PAnNI, show the cell capacitance of 72.3 mF (within the range of 1 mF-10 F),

which could be applicable for the small SC cell application.

PVMo11@PAnNi was coated on two pairs of carbon clothes of dimension 4 cm x 4 cm,
following the fabrication mentioned above method (250 mg of active electrode material
coated) were connected in a series. When charged with an electrochemical workstation,
and this setup was adequate to light up red light-emitting diodes of 2 V (Fig. 5.11 B). After
setting, upon removing the electrochemical workstation, the LED continued to glow for
the following 20 s, taking energy from the device, which shows the device’s incredible

energy density.
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Fig. 5.11 (A) The equivalent circuit is used for fitting the Nyquist plots. (B) The fabricated
SCs are energizing red light-emitting diodes.

5.2.4 Cycle stability studies
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Fig. 5.12 (a) Cycle stability plot of the variation of average capacitance vs. cycle number
of pure PAni, PVMou@PAni, and PV2Mo10@PAni electrodes at 500 mV s™. (b) 1% and
last cycle stability plot of PVMo11@PANi.

High cycle stability is a desire for any electronic device to maintain its cost. All

electrode materials' cycle stability was studied using 0.25 M H2SO4 at a 500 mV s scan

rate illustrated in Fig. 5.12a. Notably, the cycle stability measurements for electrode

materials are critical parameters for supercapacitor's practical applications. As shown in
Fig. 5.12a, the PVMoa: doped on PAni, PVMo11@PANI electrode retains about 94.83%
capacitance after 4500 cycles, identifying as long-term electrochemical stability. However,
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Pure PAni and PV2Mo1o@PAni displayed 99.33 % and 81.35% retentions after the same
number of cycles. The first and last cycles of the retention plot of PVMo11@PANI are
depicted in Fig. 5.11b. The improved cycle stability of the PVMo1:@PAni composite is
because of the uniform deposition of PVMoz1 on the PAni surface, which might increase

the electrode’s active sites and enhance the cycle stability.
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This chapter is dealing the symmetrical and asymmetric studies of the novel pseudo-
electrode materials. Nowadays, metal-oxides impregnated conducting polymers as
electrode materials are attracting much attention due to their higher stability. Here, the
metal-oxide cluster, polyoxometalate (KsH2[PVsWgOa0]-11H20, PV4WSs), was introduced
into the polypyrrole (PPy) matrix to overcome the polymer's stability issues. Thus, the
resulting novel PVsWg/PPy (symmetric) composite electrode has been reported. XPS
confirmed the presence of all atoms on the polymer backbone with respective oxidation
states. Nevertheless, doping of PV4sWs on the conductive PPy matrix’s surface can
effectively improve the ion's transfer.

6 Result and Discussion

6.1 Structural, chemical, and morphological characterizations

6.1.1 Fourier transform infrared spectroscopy

Fig. 6.1 exhibits the FTIR spectra of PPy, PV4Ws, and PV4Wg/PPy composite. All FTIR
bands observed in the PPy are corroborated well with the literature (VVannathan et al. 2020)
and confirm the doping of PV4Wsg on the PPy matrix. Two new bands originated at 1537
and 1405 cm™ in the FTIR spectrum of PVsWs/PPy composite and are attributed to C=C
and C-N stretching vibration. The FTIR bands at 1090, 937, 864, 786, and 600 cm™ are
ascribed to the P-O, terminal W=0, bridged W-On-W, W-Oc-W, and V-O-V bonds
vibration originated from the PVV4sWsgcompound. Hence, it confirms the presence of PV4Ws

on the PPy backbone.
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Fig. 6.1 FTIR spectra of PPy, PV4Ws, and PV4Ws/PPy.

6.1.2 Thermogravimetry analysis
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Fig. 6.2 Thermogravimetry plot of PPy, PVV4Ws, and PV4Ws/PPy.
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The thermal stability was measured by the thermogravimetric analysis of the
PV4WSeg/PPy, which is illustrated in Fig. 6.2. It is well acknowledged in the literature that
CPs alone are not appropriate for energy storage applications due to structural deformation
during the charging and discharging cycle. Hence, the measurement of the thermal stability
of any electrode material is paramount. Fig. 6.2 attributed that the thermal stability of the
composite was increased due to the doping of PV4Ws. The thermal stability of PPy, PV4Ws,
and PVsWs/PPy was measured from room temperature to 800 °C. The TGA curve of PPy
is similar to our recently reported work (Vannathan et al. 2020), and the same can be found
in the supporting information. The TGA of PV4Wsg depicts the water loss until 129 °C.
Next, weight loss was observed at 606 °C, which was attributed decomposition of PV4Ws

following the below reaction 1.

KeHo[PV,WgO40] —————» 1/2 P,0x + 2 V,05 + 8 WO5 + 5/2 K,0 + H,0 1

The thermogram of PVsWs/PPy illustrates the combined weight loss of PPy and PV4Ws.
The DTGA plot ascribes the first weight loss (7.28%) at 69.94 °C due to the moisture
removal from the composite material. Subsequent weight loss (16.21%) to 653.79 °C is
because of the disintegration of organic and inorganic moieties in the PV4Wg/PPy
composite. Nevertheless, the PV4Ws/PPy composite material’s thermal stability is
increased by many folds than the pure PPy (284 °C), indicating the presence of electrostatic
interaction between highly negatively charged PVsWs and cationic PPy after doping on the

backbone of the polymer.
6.1.3 X-ray diffraction spectroscopy

Powder XRD patterns for PPy and PVsWs/PPy composite are shown in Fig. 6.3A, and
PV4Wsg POM is given in Fig. 6.3B. The pure PPy powder XRD pattern is similar to the
published research report (Vannathan et al. 2020). The PPy is amorphous in nature and

shows a broad diffraction peak, as shown in Fig. 6.3. PVs;Wg POM shows a crystalline
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nature which is evident in Fig. 6.3B. The characteristics diffraction peaks of PVsWs
disappear in the powder-XRD pattern of PPy-based composite, PVsWs/PPy suggesting

crystallinity loss, meaning the amorphous nature.
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Fig. 6.3 XRD spectra of A) PPy, and PV4Ws/PPy and B) PV4Ws5g

6.1.4 Field emission scanning electron microscopy and Energy-Dispersive
X-ray spectroscopy

The FESEM images of pure PPy, PViWs, and PVsWs/PPy composite electrode
materials are shown in Fig. 6.4. FESEM measured the surface morphology of all electrode
materials. It is discernible from Fig. 6.4A that the pure PV4Wsg forms granular uneven
shapes. The FESEM images has reported in the literature (Vannathan et al. 2020). The
PVsWs/PPy composite’s surface morphology is shown in Fig. 6.4B, indicating the
spherical shape with an agglomerated structure of an average diameter of 0.377um.
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Fig. 6.4 FESEM images of A) PV4Wsg, B) PV4sWs/PPy, C) EDS of PV4Ws, and D)
PV4Wsg/PPy.

The energy-dispersive spectroscopy (EDS) analysis has also been performed to check
the amount of dopping of PV4Ws onto the PPy matrix, as shown in Fig. 6.4B. The EDX of
pure PV4Wsg confirms K, P, V, Mo, and O (Fig. 6.4C) elements. The composite’s EDS also
confirms K, P, V, Mo, O, C, and N elements.

6.1.5 High Resolution Transmission Electron Microscopy

Additionally, the material's morphology was elucidated by HR-TEM, as shown in Fig
6.5..The HR-TEM image confirms the successful impregnation of the PV4Ws into the PPy
matrix. The high-resolution lattice fringes with the d-spacing value of 3.57A confirm the

higher crystallinity of PVsWs.
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Fig. 6.5 HR-TEM image of PV4Ws/PPy at a different scale.

6.1.6 Brunauer—Emmett-Teller

The electrode material’s porosity and surface area play an important role in the
electrochemical charge storage properties. The nitrogen adsorption-desorption studies were
performed to determine the porous nature and the specific surface areas of pure PPy,
PV4Wsg, and PV4Wg/PPy nanohybrids material, as shown in Fig. 6.6. The type-IV
adsorption-desorption isotherms with no hysteresis loop were obtained for PVsWs/PPy
nanohybrid’s suggesting nonporous material. SSA of ~28.3896 m?/g, ~7.6 m?/g, and
~17.58 m?/g were obtained for pure PPy, PV4Ws, and PVsWs/PPy, respectively. The
enhancement of the specific surface area of PV4Ws/PPy compared to PV4Ws could be

ascribed to the dispersion of PVsWs on the PPy matrix. The pore volume of pure PPy,
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PV4Wsg, and PV4sWg/PPy are observed to be insignificant, which further affirms the
nonporous nature of the material. Nevertheless, increasing the surface area enhanced the
electrode and electrolyte contact area, improving the electrochemical performance of
PViWs/PPy.
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Fig. 6.6 Nitrogen adsorption/desorption isotherms of pure PPy pure PV4W5s and
PV4WSsg/PPy nanohybrid composite.

6.1.7 X-ray photoelectron spectroscopy

The high-resolution XPS spectra of PV4Wg/PPy are displayed in Fig. 6.7. It shows the
survey spectra displaying the peaks corresponding to the elements present of N 1s, W 4f,
C 1s,V 2p, O 1s, and P 2p of the PV4sWs/PPy (Fig. 6.7a). The two strong peaks at 402.2
and 400.3eV in Fig. 6.7b correspond to the PPy’s N* and -NH- binding energy, which
comes from the PPy matrix. Likewise, the peaks at 37.8 and 35.78 eV in Fig. 6.7c
correspond to W 4fs;; and W 4f7/2 of the Keggin ion, which confirms the presence of W*®
(Ponja et al. 2016). The C 1s region in the XPS of PV4Wg/PPy fits with three peaks at
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284.81, 286.42, 287.65, and 289.25 eV. These binding energies correspond to C-C, C-N,
C=N, and C-N*, respectively (Fig. 6.7d) (Wang et al. 2020a).
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The binding energy of V peaks at 524.3 and 516.9 eV corresponds to the V 2p3/2 and
2p112, indicating the presence of V*°and V** oxidation states in the Keggin structure (Fig.
6.7e) (Wang et al. 2020a). The occurrence of V's partially reduced oxidation states on the
PPy matrix might be because of the photoreduction of vanadium species during exposure
to the X-ray source (Benadji et al. 2010; Zhang et al. 2020). A strong peak fitted of O2p at
the binding energy of 531.4eV designated to the oxygen atoms of the Keggin unit (Fig.
6.7f) (Gao et al. 2018). Finally, the deconvoluted P 2pz at 134.2 eV is attributed to the P
atom (+5) in the Keggin anion in [PV4Ws0a0]> (Fig. 6.7g) (Zheng et al. 2018).

6.2 Electrochemical measurements

6.2.1 CV studies

Cyclic voltammetry (CV) measurement in a two-electrode system was employed to
investigate PPy, PV4Wsg, PV4sWs/PPy (symmetric), and PVsWs-PPy/PPy (asymmetric)
electrode material’s electrochemical performance. The potential window range of 0-0.8 V
at different scan rates from 10 to 100 mV s was considered. CV is an efficacious
characterization technique to evaluate the electrode’s capacitive behavior, the shape of
CV's anodic and cathodic peaks, and the current density area (Fig. 6.8A). The specific
capacitance of PPy, PV4sWs PViWs/PPy, and PVsWs-PPy/PPy (asymmetric) electrodes

was evaluated from the CV plots using the following equation (2.1).

The specific capacitance increased when PV4Wsg was immobilized into the polymer
matrix rather than PPy and PVsWs at the same scan rate. Fig. 6.8A exhibits the cyclic
voltammogram PPy, PV4Ws, PV4Ws-PPy/PPy (asymmetric) at various scan rates of 10, 20,
30, 50, 70, 100 mV st in the potential window of 0-0.8V, respectively. It has been noticed
from the CV that the profile of asymmetric PV4Wsg-PPy/PPy shows pseudocapacitance
behavior which indicates the materials had good capacitive behavior (Fig. 6.8A). Notably,
at a higher scan rate, no significant oxidation or reduction peaks in the CV profile of PPy,

PV4Ws, PVsWs-PPy/PPy (asymmetric) demonstrated that all electrodes are charged and
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discharged pseudo-constant rate. However, the CV curve area for asymmetric PVsWs-
PPy/PPy increases with increasing scan rates, and the shape of the CV profile is more
prominent, indicating high electrochemical stability. Similarly, the same trend has been
observed for the symmetric PV4Ws-PPy electrode. At higher scan rates, the electrolyte ion's
movements increase, and the accumulation of charges near the electrode and electrolyte
surfaces reduces and, thus, reduces the specific capacitance. On the contrary, decreasing
the scan rate increases the proliferation of charges near the electrode and the electrolyte
surface, enhancing the capacitance. Nevertheless, compared with PPy, PV4Ws, introducing
PV4Ws into the PPy matrix improves the electrode material’s specific capacitance. The

scan rates vs specific capacitance graph are demonstrated in Fig. 6.8B.
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Fig. 6.8 A) CV plot of all electrodes at 100 mV/s scan rate. B) the bar chart of the specific
capacitance at the 100 mV s scan rate at 0.25M H2SO..

6.2.2 GCD studies

The specific capacitance of PPy, PV4sWs PV4Ws/PPy, and PV4Wsg-PPy/PPy electrode
materials is calculated using the galvanostatic charge-discharge (GCD) curves under
various current densities shown in Fig. 6.9A. The asymmetric PV4sWs-PPy/PPy electrode’s
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GCD curves show the perfect shape of pseudocapacitance behavior (Fig. 6.9A), similar to
the PPy, revealed the longest discharge time and showed the highest specific capacitance
of 291.00 F g* (excluding IR drops) at 0.4 A g* current density (Fig. 6.9B). The PPy and
pure PV4Ws offer the specific capacitance of 90.01F g* and 39.03 F g* (excluding IR
drops), respectively, at the same current density in 0.5 M H2SO4 electrolyte. Interestingly,
electrode charging and discharging steps for symmetric PV4Wsg /PPy and asymmetric
PV4Ws-PPy/PPy (Fig. 6.9A) revealed internal resistance (IR) drop along with the
symmetric charge and discharge curves which suggest the pseudocapacitance behavior.
Notably, the capacitance varies with the morphologies of the composite materials. Here,
we have applied the linear equation to evaluate the specific capacitance, energy, and power
density (Equations (2.1), (2.5), and (2.4)) for the triangular shape of the GCD of PPy.

[PVViWsOa0]” + & + H* < [PV'VVV3WgO40]® 2

The GCD plot of PVsWjg shows the faradaic behavior because an oxidation-reduction
reaction occurs within the PV4Ws (Fig. S3B) metal-oxide clusters (reaction 2). However,
it has been observed that the discharge current exhibits a non-linear graph shape. This can
be ascribed to the Faradaic material behavior. The energy and power density of the PV4Wsg,
PVsWs/PPy, and PV4Wsg-PPy/PPy (asymmetric) were calculated using equations (2.5)
and (2.4), respectively. All electrodes comparing graphs of capacitance vs current density
and energy density vs power density are presented in Fig. 6.9C-D, depicting that the
asymmetric PV4Wsg-PPy/PPy electrode delivers the highest energy density of 16.40 Wh kg
1at 0.4 A g? current density. The asymmetric composite PVsWs-PPy/PPy electrode
provided the highest power density of 756.78 W kg™ than the pure PPy (526.61 W kg™?)
and higher than PV4W;g (190.82 W kg?) at 0.4 A g current density. Notably, the
capacitance and energy density decreased with increasing the current density which could
be due to the slow rapturing of the hierarchical structure of the electrode at a higher current
density. For pure PVsWs, GCD could run till 2 A g* current density due to the high

solubility in an aqueous electrolyte.
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Fig. 6.9 GCD curves of A) asymmetric PV4W;g-PPy/PPy, B) current density vs capacitance
of PPy, PV4Ws, and PV4Wg/PPy at 0.4 A g* C) Capacitance vs Current density graph for
all system. D) Energy Density vs Power density graph for all systems.

The PV4W3g/PPy symmetric composite electrode exhibits the highest specific
capacitance of 195.27 F g (without IR drop) at 0.4 A g* current density and the lower
energy density of 8.94 Wh kg and power density of 530.84 W kg*. The capacitance
decays with rising current density, attributed to either the electrode’s incomplete redox
reactions because of the poor connection of the electrochemical device or instability of the
electrode materials at a higher current (Wang et al. 2018a, 2017). The comparisons between
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energy densities and power densities under various current densities for both symmetric

and asymmetric devices are demonstrated in Ragone plots (Fig. 6.9D).

6.2.3 EIS studies
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Fig. 6.10 EIS graph for PV4Wg PV4sWg/PPy (symmetric), and PViWs-PPy/PPy
(asymmetric).

Electrochemical impedance spectroscopy (EIS) was performed on all electrodes for
symmetric and asymmetric systems to verify the electrochemical performance and explore
the electron transfer kinetics of redox reactions electrode-electrolyte interface are shown
in Nyquist plots in Fig. 6.10. The impedance spectroscopy results display the semicircle
arc for all three electrodes (Symmetric system) as shown in Fig. 6.10 over the high-
frequency region. The impedance measurement exhibits the electron transfer kinetics of
redox reactions electrode-electrolyte interface at lower frequencies due to the limiting mass
transport. A partial semicircle has been observed at higher frequencies, indicating the
charge transfer resistance. The Rs values of PV4Wsg, PV4sWs/PPy, and PV4Ws-PPy/PPy
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(asymmetric) are at 0.79, 0.74, and 0.54 Q, respectively. The symmetric PV4sWg/PPy
exhibits less resistance than PVsWs because of the presence of PV4sWs on the PPy matrix
and transports good conductivity on PPy. Likewise, the asymmetric PV4W;g-PPy/PPy
shows even lesser resistance than PV4Ws/PPy, indicating an increase in the PPy matrix's
conductivity.

Moreover, the higher the conductivity, the higher the charge transfer between the PPy
and PV4Ws, and enhanced the capacitance efficiency observed in both cases (Zheng et al.
2018). Protons present in the PV4Wg play a vital role in improving this electrode material's
conductivity mechanism. Additionally, the PV4Ws-PPy/PPy asymmetric electrode offers a
lower knee frequency (fk) than PV4sWs/PPy suggesting the capacitive responsive, in which
the electrolyte ions could quickly disseminate through the electrode apertures (Chen et al.
2003; Wang et al. 2018Db).

Fig. 6.11 (A) and (B) are the fabricated SCs are energizing red and yellow light-emitting
diodes by PV4Wsg-PPy/PPy (asymmetric) composite (C) The equivalent circuit is used for
fitting the Nyquist plots.

The equivalent circuit for PV4Ws-PPy/PPy electrode material is presented in Fig.
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6.11C. gz and g2 are the phase factors. They are generated due to the faradaic reactions.
The PV4Ws-PPy/PPy electrode material was coated on four pairs of carbon clothes of
dimension 2 cm x 2 cm following the fabrication mentioned above method (mentioned in
the above experimental part) using 72 mg of active electrode material in total to investigate
the practical application. The circuit was connected in a series, as shown in Fig. 6.11a and
6.11b. This setup was suitable to light up red (1.8 V) and yellow (2.0-2.3 V) light-emitting
diodes when charged with an electrochemical workstation. Upon discharging, the LED
continued to glow for the following 80 s (red) and 60s (yellow), taking energy from the
device.

6.2.4 Cycle stability studies
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Fig. 6.12 A) Cycle stability of symmetric PPy, PV4Ws, and PVsWs -PPy/PPy (asymmetric)
and B) I and final cycle of PV4Ws-PPy/PPy electrodes at a current density of 500 mV s
after 4500 cycles.

The cycle stability of PPy, PV4Ws, and PV4W;g-PPy/PPy (asymmetric) was assessed by
CV (Fig. 6.12A). The PV4W;g-PPy/PPy electrode showed a remarkable cycle stability of
98.65 % after 4500 cycles at a 500 mV s scan rate for an asymmetric system, indicating
the long-term electrochemical capacitor and the last cycles are indistinguishable from the

1% cycle (Fig. 6.12B). Thus, the PV4Ws-PPy/PPy electrode retains its pseudocapacitance
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behavior even after 4500 cycles (Fig. 6.12B). The remarkable stability may be due to the
uniform doping of PV4WS;g on the PPy matrix. Pure PV4Wsgalso shows a very high stability
of 87.94 % at the same scan rate and stability cycle. The dissolution of PV4Ws is less in
this case, which is surprising because, generally, polyoxometalates are highly soluble in an
aqueous medium. Pure PPy offers a plateau stability graph by retaining 94% stability after

4500 cycles, indicating pseudocapacitance behavior retained after a long process.
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This chapter describes the detailed comparison study of conducting polymer (CPs)-
[PV4Ws040] "~ composites and activated charcoal (AC)-[PV2WsOa0]” composites materials
for supercapacitor applications. The CPs damage the hierarchical structure during the
charging and discharging process and will start swelling. Incorporating polyoxometalate
into the CP system will increase the stability of the electrode material. This entire article is
based on a comparative study of two newly synthesized composites with the same
polyoxometalate (KsH2[PVsWgQOas0].11H20, (PVsWsg)), incorporated into polyaniline
(PANI) and activated carbon (AC) matrix.

7 Result and Discussion

7.1 Structural, chemical, and morphological characterizations

7.1.1 Fourier transform infrared spectroscopy
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PANI-PV,W,
—— AC-PV,W,
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N ——

4000 3500 3000 2500 2000 1500 1000 500

Transmittance (%)

Wavenumber (cm™)

Fig. 7.1 a) FTIR spectra of PANI, PV4Wsg, PANI-PV4Wg, and AC-PV4Ws.

The FTIR spectra of PANI, PV4Ws, PANI-PV4Ws, and AC-PV4Ws are given in Fig.
7.1. The PV4Ws IR bands primarily appeared within 500-1100 cm™, corroborating well
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with reported work. The IR bands at 1060-1070 and 950-957 cm™ are designated to the P-
O and terminal W=O vibrational PANI-PVsWg and AC-PVsWs hybrid composites,
respectively. Moreover, V-O-V and W-O-W bonds vibrational stretch noticed at 598-603
and 865-896, 780-796 cm™, respectively, confirming PVsWs polyanions integration onto
the PANI and AC surfaces, which is in corroboration with the published literature (Ruiz et
al. 2012; Viswanathan and Shetty 2017). Similarly, all the IR bands observed for the PANI,
as shown in Fig. 7.1, corroborated well with the literature (Viswanathan and Shetty 2017).
A few new bands also originated in the IR spectrum of PANI-PVsWsg composite,
designated to C=C and C-N stretching vibrations confirming the presence of PANI

polymers. The broad peak at 3300-3400 cm represents the -OH groups in the composite.

7.1.2 Thermogravimetry analysis
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Fig. 7.2 TGA Curve of PANI, PV4Ws, PANI-PVsWs, and AC-PVsWs.

Thermal stability is an integral property of energy storage devices for electrode

materials. Fig. 7.2 demonstrates the thermogravimetric analysis curves (TGA) of PANI,
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PV4Ws, PANI- PV3Ws, and AC-PVsWs. The TGA curve shows that the decomposition of
the composite is slowed down after the deposition of the redox-active material PV4Ws to
the polymer matrix and AC materials (Vannathan et al. 2021). The initial weight loss of
11.81% at 88 °C of PANI is due to moisture removal. Above 200°C, the steady weight loss
corresponds to removing organic moieties from the polymer backbone (Wang et al. 2006).
Similarly, the weight losses of pure PVsWsg at 55 and 143 °C correspond to removing
absorbed moisture and crystalline water molecules. Moreover, the complete decomposition
of PV4Ws is observed at 643°C (Vannathan et al. 2021). Furthermore, the initial weight
loss of PANI-PV4Ws at 83°C is the removal of the absorbed and crystal water molecules.
The final weight loss is observed at 731 °C and is assigned to the decomposition of the
inorganic moieties of the hybrid material, which is higher than the pure PV4Ws. On the
other hand, the AC-PVsWSsg hybrid material’s first decomposition was observed at 96 °C.
The complete degradation of the PV4Ws ’s inorganic moieties was noticed at 683 °C
(Anandan Vannathan et al. 2022).

7.1.3 X-ray diffraction spectroscopy
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Fig. 7.3 Powder XRD spectrum of A) PANI, PANI-PV4Wsg, and AC-PV4W;g B) PV4Wpg
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The Powder X-ray diffraction (XRD) patterns of PANI, PANI-PVsWs, and AC-PV4Ws
composites are illustrated in Fig. 7.3A, and the XRD pattern of PV4Ws is shown in Fig.
7.3B. The powder XRD pattern of pure PANI shows typical diffraction peaks at 21.05° and
25.42°, consisting of an account in the literature (Viswanathan and Shetty 2017). The
diffraction peaks at 22.37°,25.62°,27.23°28.62°,29.89°,32.81°, and 36.57°, respectively,
are shown in Fig. 7.3A for PV4Ws portrayed crystalline nature. In the PANI-PVsWs
composite, the PANI peaks are shifted considerably to a lower angle (20.0° and 28.12°),
and a few new peaks are also observed, confirming the integration of PV4Wsg on the
polymer matrix. Pure activated carbon shows broad peaks at 25° and 41.6° (Jain and
Tripathi 2015). At the same time, the composite AC-PV4Ws shows peaks at 7.20°, 26.5°,
33.84° and 43.23° respectively, indicating the presence of PV4Wsg on the AC surface. A
few new peaks are also observed due to the adsorption of PV4Wsg on the AC surface. From
Fig. 7.3A, itis clear that both of the composites are amorphous in nature. The characteristic
peaks of the PV4Ws are discernible in the XRD pattern for PANI-PVsWsg and AC-PV4Ws
composites, exhibiting no loss of crystallinity of the PV4Ws after integrating on the

respective surfaces.

7.1.4 Field emission scanning electron microscopy and Energy-Dispersive
X-ray spectroscopy

Fig. 7.4a and b show the field emission scanning electron microscopy (FESEM) of the
composite PANI-PVsWs and AC-PV4Ws to acquire morphological features of PV4Wsg’s
impregnated PANI and AC surfaces. The FESEM images indicate the polyanions are well
disseminated on the polymer and AC surfaces. It is evident from Fig. 7.4 that various
nanostructures were formed after the doping of PVsWs to the PANI and AC surface,
respectively. The PANI-PV4Ws nanostructure is different from the PANI and PVsWsg
nanostructure. It shows an agglomerated and spherical structure of an average diameter
between 100-200 nm. The EDS spectrum also confirms the occurrence of C, P, V, W, O,
N, and K elements (Fig. 7.4a and c). The AC-PV4Ws composites, a different structure

from PV4Ws, show a very smooth granular form with a diameter of less than 70 nm, and
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composites (Fig. 7.4b and d).
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Fig. 7.4 FESEM image of a) PANI-PV4Wsg, and b) AC-PV4Ws, EDS spectrum of c) PANI-

PV4Ws, and d) AC-PV4Ws.

7.1.5 Brunauer—-Emmett—Teller

Nitrogen adsorption/desorption studies were performed to measure the specific surface
area and pore size distribution (PSD) of PANI, PVsWs, PANI-PVsWs, pure AC, and AC-
PVsWs Fig. 7.5A shows the nitrogen adsorption/desorption isotherms of PANI, PV4Ws,
and PANI-PV4Ws. Fig. 7.5B shows the nitrogen adsorption/desorption isotherms of pure
AC and AC-PV4Ws. The pure PANI and PVsWs exhibit the BET surface area of 34 m?gt

and 7.6 m?g with a micropore area of 0.6296 m2g™ and 0.2458 m?g™?, respectively. The

surface area was reduced to 18.9 m?g™ on the deposition of PV4Ws on the polymer

surface.
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Fig. 7.5 Nitrogen adsorption/desorption isotherms of A) pure PANI, PVsWs, PANI-
PV4Ws, B) pure AC and AC-PVsWsg composite. Pore volume curve for C) pure PANI,
PV4Ws, and PANI-PV4Wsg D) pure AC and AC-PV4W8 composite.

The decrease in surface area is attributed to the coverage of PANI surfaces and the
blockage of narrow pores. The pure PANI exhibit types I isotherm with a sharp capillary
condensation step and narrow hysteresis loop, indicating the presence of narrow-width
mesopores. The absence of a capillary condensation step and hysteresis loop confirms the

blockage of narrow-width pores on the deposition of PVV4Ws. The pure PANI surface area
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is similar to the reported literature (Xu et al. 2013). Likewise, the pure AC possesses a
specific BET surface area of 1340 m?g™* with a micropore area of 717 m?g™*. The pristine
AC and AC-PV4Ws3 exhibit type 1V isotherm with hysteresis loop and extended capillary
condensation step. The symbolic capillary condensation step indicates broad pore size
distribution. The pore filling at a lower relative pressure (<0.05) confirms the existence of
micropores. The pure AC exhibits a higher surface area than the AC-PVsWs because of the
highest availability of the micropore, and the isotherms show hysteresis loops (Maity et al.
2021a). The composite shows a specific surface area of 1117m?g™ with a micropore area
of 604 m?g*. The drastic drop in the micropore area confirms the deposition of PV4Ws in
micropores. The surface area reduces upon the deposition of PV4W;s due to the surface
coverage, differences in mass, and blockage of pores. Pore size distribution (PSD) graphs
of pure PANI, PV4Wsg, PANI-PVsW3g, AC, and AC-PV4Wsg composites are shown in Fig.
7.5C and D.

7.1.6a X-ray photoelectron spectroscopy

The XPS spectrum of the PANI-PV4Ws composite shows six peaks corresponding to C
1s, N 1s, O 1s, P 2p, V 2p, and W 4f, respectively. The XPS spectrum of the C 1s (Fig.
7.6a) indicates that there are three types of carbon: C-C/C=C (284.2 eV), C-N (284.9 eV),
and C-0O (286.0 eV). The XPS spectra of N 1s (Fig. 7.6b) revealed two nitrogen species as
-NH- (399.7 eV) and -NH"-(400.9 eV) (Liu et al. 2015). The peak corresponding to the
binding energy 531.1 eV is due to O 1s from the Keggin-type structure (Fig. 7.6¢) (Gao et
al. 2018). A strong peak located at 134.0 eV (Fig. 7.6d) is due to the presence of P 2pz/2 in
the Keggin structure (Zheng et al. 2018). The XPS spectrum of V 2p (Fig. 7.6e) indicates
two binding energy peaks at 524.2 (V 2ps2) and 516.9 eV (2pi2), confirming the
occurrence of V*°and V** oxidation states in the POM (Zhang et al. 2020). The binding
energy peaks of W 4fs, and W 4f7 are visible at 37.8 and 35.7 eV in the POM are
illustrated in Fig. 7.6f (Ponja et al. 2016).
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Fig. 7.6 XPS spectra of PANI-PVsWs.
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7.1.6b X-ray photoelectron spectroscopy
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The XPS spectrum of the AC-PV4Ws composite has five peaks which represent C 1s,
O 1s, P 2p, V 2p, and W 4f, respectively. The XPS spectrum of the C 1s (Fig. 7.7a)
indicates only one strong peak at 284.9 eV (Anandan Vannathan et al. 2022). The peak

corresponding to the binding energy of 532.2 eV is due to O 1s from the Keggin structure
(Fig. 7.7b) (Gao et al. 2018). A strong peak appeared at 134.1 eV (Fig. 7.7c¢) due to the
presence of P 2ps in the Keggin-type structure (Zheng et al. 2018). The XPS spectrum

(Fig. 7.7d) confirms that the vanadium is present in V*° and V** oxidation states in the

POM structure, resulting in peaks at 525.1 and 517.0 eV corresponding to the V 2ps/» and
2p12 (Zhang et al. 2020). Similarly, the XPS spectrum of W 4fs;; and W 4f72 of the POM
confirm the occurrence of W*®at 37.9 and 35.8 eV in Fig. 7.7e (Ponja et al. 2016).
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Fig. 7.7 XPS spectra of AC-PV4Ws.
7.2 Electrochemical measurements

The present electrochemical studies mainly focused on the electrochemical performance
of two different composites prepared by different supports. The composites are prepared
using the same PV4Wsg deposited on two different supporting materials (PANI and AC).
The electrochemical studies of newly synthesized composites were evaluated by using
cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), electrochemical
impedance spectroscopy (EIS) analysis, and cycle stability. All studies were performed
using the two-electrode (symmetric) system in 0.5M H>SO.. The active mass of all

composites on two electrodes are ~1.28 mg, which was employed for entire calculations.
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7.2.1 CV studies

Cyclic voltammograms of PANI-PV4Ws and AC-PV4Ws were recorded at a 30 mV s
scan rate to investigate the potential range of 0-1V in a two-electrode system, as presented
in Fig. 7.8A. From the CV curve, the PANI-PV4Wsg composite exhibits a very good
rectangularity, indicating the perfect capacitive nature of PANI-based electrode material
(Viswanathan and Shetty 2017). On the other hand, 10wt% AC-PV4Wsg composites do not
offer an exquisite capacitive nature compared to PANI-PV4Wsg, as shown in Fig. 7.8A. The
area under the PANI-PV4W;g composite curve is more than the AC-PV4Ws composite
because PANI-PVsWs stores more energy than the AC-PV4Ws composite. The pure PANI
itself acts as pseudocapacitive material and contributes to capacitance enhancement. The
contribution of EDLC and pseudocapacitance in AC-PV4W;gand PANI-PV4Wsg are given
in Fig. 7.9. The CVs of PANI-PV4Wg composite at higher and lower scan rates are

illustrated in Fig. 7.8B to determine the kinetics of the electrode materials.

Only one redox peak at a higher scan rate was observed because of the emergence of
pseudocapacitance. The pseudocapacitance arises from the faradaic reaction of PANI
through its reduction and oxidation transformation between a semiconducting
leucoemeraldine form to emeraldine and emeraldine to pernigraniline (Wu et al. 2010b;
Xia et al. 2012). The redox peaks of PV4Ws were not noticed because of the rapid kinetics
of the electrolyte. In a lower scan rate, more than one pairs of redox peaks are present due
to the pseudo-reversible redox reaction of vanadium ions (Vannathan et al. 2020) and the
lowering of the movements of the electrolytes. It is evident from Fig. 7.8C that the
composite PANI-PV4Wsg shows ample charge storage compared to pure PANI and PV4Ws,
which is attributed to the uniform distribution of PV4sWs on the PANI surface.

Department of Chemistry 122



Chapter -7

44——Ac-PV,W, A
——— PANI-PV, W, 6
5 |
24 44
- <
< 1+ £ 2+
E pos
c
To g 04
£ B
31 O .24
24 4 100 mVis
— 70 mVis
-3 — 50 mVis
64 —— 30 mVis
— 20 mVis
4 —— 10 mVis|
T T T T T T -8 T T T T T T
0.0 0.2 0.4 06 08 1.0 0 0.2 04 06 08 1
Potential (V) Potential (V)
2
. N
LU |
gl=
<
% g E 01
“§ |5
g o -1+
£
L
o — 10 mwis|
-2 — 20 mV/s
— 30 mVis
50 mVis
—— TO mVis
—— 100 mVis.
3 [ ki

0 0.2 0.4 056 0.8 1
potential (V)

Fig. 7.8 A) CV graph for PANI-PV4W;g and AC-PV4Ws at 30mV s scan rate B) CV graph
for PANI-PV4Ws at different scan rate, C) CV graph for PANI-PV4Wsg, PV4Wsg, and PANI
at a 10mV s scan rate and D) CV graph for AC-PV4W5 at various scan rates.

Similarly, the CV curve of AC-PV4Ws (Fig. 7.8D) offers a rectangular shape at different
scan rates, suggesting more EDLC character in the composite, which is confirmed by the
Trasatti method (Fig. 7.9c¢).

The EDLC and pseudocapacitance contributions are calculated from the CV using a 1-
10 mV s scan rate with the help of the Trasatti method. The total gravimetric capacitance
(Ct) and surface contribution to the capacitance of the electrode material (CepL) are
extracted from Equations (2.13) and (2.14).
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Ct =CepL + Cpsuepo; Cpsuepo is calculated by equation (2.15). Fig. 7.9a (AC-PV4Ws)
and Fig. 7.9d (PANI-PV4Wsg) show the graphs of the reciprocal of gravimetric capacitance

(C™Y) versus the square root of scan rate (v’?) (Chandran et al. 2020).

Fig. 7.9b (AC-PV4Wsg) and Fig. 7.9e (PANI-PV4Ws) show the graphs of gravimetric

capacitance (C) versus the reciprocal of the square root of scan rate (v /2).

The Trasatti method found that AC-PV4Wsg exhibits 27.65% EDL capacitance and
72.32% pseudocapacitance Fig. 7.9c and PANI-PV4Wsg exhibits 31.15% EDL and 68.53%

pseudocapacitance Fig. 7.9f.
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Fig. 7.9 (a) Plots of C™* vs v®° (b) Plots of C vs v °° (c) pseudocapacitance capacitance
(%) and EDL (%) for AC-PV1Ws by Trasatti method (d) Plots of C™* vs v®5 (e) Plots of C
vs v %5, (f) pseudocapacitance capacitance (%) and (%) for PANI-PVsWs by the Trasatti
method.
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7.2.2 GCD studies

GCD of the two electrodes cell was effectuated to estimate the composite electrode’s
efficiency in SC applications. The GCD plot of composite PANI-PV4Wg was obtained at
various current densities of 0.8, 1, 2,3, 4, 5,6, 7,8,9, 10 A g}, as presented in Fig. 7.10A.
The GCD plot of the PANI-PV4Ws exhibited an equilateral triangle shape demonstrating
the high reversibility of this electrode material throughout the charge-discharge process
(Viswanathan and Shetty 2017). It was observed that the electrode materials took additional
charge-discharge time at lower current densities because of the slower diffusion of H* ions.
It takes more time to penetrate the micropores created in the electrode material surface at
lower current densities and electrolyte access (Kannappan et al. 2013). The composite has
shown a maximum specific capacitance of 584.32 F g with an energy density of 81.16
Wh Kg* and a power density of 1598.9 W Kg* at a 0.8 A g™* current density. The cell's
specific capacitance drops proportionally with current density, which is the standard
behavioral attribute of ESCs (L. et al. 2011b).

Likewise, the AC-PV4Ws composite’s (Fig. 7.10B) GCD was also performed at various
current densities of 0.6, 0.8, 1, 2, 3 A g1. The capacitance value is 62.40, 63.20, 61.00,
54.00, and 51.00 F g. At a higher current density, the stability of the electrode
deteriorated. It is observed that PANI-PVsWs3 electrode material showed better specific
capacitance of 584.32 F g* (0.8 A g1) than AC-PV4W5 (62.40 F gt at 0.6 A g) current
density, GCD was calculated using equation (2.2) for all cases (Sowmya and Selvakumar
2018). Pure PANI exhibits the specific capacitance of 57 F g at 0.6 current density. The
enhanced specific capacitance value of PANI- PV4sWg compared to the AC-PV4Wsg and
pure PANI could be attributed to the strongly engulfed more pseudocapacitive materials
(PV4Wsg) onto the PANI matrix (Dhibar et al. 2013). The paramount specific capacitance
of PANI-PV4Wg composites may be because of the following possible reasons: i) The
uniform integration of PV4Ws on PANI matrix, which enhanced capacitance, (ii) There

must be a synergistic interaction between the n-bonded conjugated PANI backbone and
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PV4Ws in the genesis of oxidative polymerization techniques. Hence, there is a probability
of charge transfer from PANI polymer matrices to PV4Ws due to the strong synergistic
interaction increasing the faradic reaction's active sites and eventually enhancing the
specific capacitance (Dhibar et al. 2014; Zhang et al. 2009a). To check the IR drops for
PANI-PVsWs, PV4Ws, and PANI, a comparison GCD plot is presented in Fig. 7.10C,
which demonstrates that the comparison of GCD plots of PANI, PV4Wsg, and PANI-PVsWs
at 1 A gt current density and exhibits the higher IR drops for PV4Ws (0.625V) than PANI

(0.208V), and hence the specific capacitance is less for the former.

The behavior of supercapacitive materials is very much dependent on energy and power
density. The biggest disadvantage of the supercapacitor’s material is its low specific
energy. In this study, the PANI-PVsWg composite electrode showed improved specific
energy (81.16 Wh kg™) and specific power (1598.9 W kg?) at 0.8 A g current density.
The electrode is maintained specific energy and power of 40.0 Wh kg, and 20571.4 W
kg?, respectively, until the 10 A g current density. The specific energy and specific power
values were acquired from charge/discharge profiles of the PANI-PVsWsg composite
electrode shown in Fig. 7.10D. PANI-PV4Ws composite showing 98% Coulomb
efficiency. However, the AC-PV4Wsg offers the specific energy and specific power of 8.66
Wh kg and 1280 W kg?, respectively, at 0.6 A g™ current density, indicating the PANI-
PV4Ws is a better supercapacitor than the AC-PV4Wsg composite and also indicating either
the PANI support is better than the AC or PV4Ws is distributed uniformly onto the PANI

matrix.

Interestingly, the PANI-PV4Ws composite could show higher specific capacitance and
power at 10 A gt current density. At the same time, the AC-PVsWjg composite becomes
unstable after 3 A g current density at a 1V potential window. Compared with two
supporting materials (PANI and AC), PANI provides better energy storage capacitance

than AC despite higher surface areas.
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All electrode material's specific energy and power were estimated using equations (2.5)
and (2.4). The plot of specific energy vs power (Ragone plot) is shown in Fig. 7.11D. The
Ragone plot revealed that the PANI-PVsWg composite exhibits the highest specific energy
and power than AC-PV4Ws, indicating PVsWsg is more integrated on the PANI matrix than
the AC surface. Hence, this particular metal-oxide’s surface area plays an essential role in

enhancing electrochemical behavior.
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Fig. 7.10 A) GCD graph for PANI-PV4Ws at different current densities, B) GCD graph for
AC-PViWs at different current densities, and C) GCD graph for PANI-PV4Wsg, PViWsg,
and PANI at 1 A g%, D) Ragone plot for PANI-PV4Wsg and AC-PVsWs.

7.2.3 EIS studies

Electrochemical impedance spectroscopy (EIS) of both the electrodes was performed for

the symmetric system presented in Nyquist plots in Fig. 7.12A. The impedance was
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determined within a frequency range of 0.01 to 10° Hz with an AC amplitude of 1 mV for
both cases, exhibiting the redox reaction-mediated electron transfer kinetics because of the
mass transfer limitation at the electrode-electrolyte interface at lower frequencies. The Rs
values of PANI-PVsWsg and AC-PV4Ws are 0.81 and 1.58 Q, respectively, indicating the
lower resistance of PANI-PVsWs than AC-PV4Ws. After comparing PANI-PV4Ws with
the AC-PVsWs, it can be concluded that the PANI-PV4Wg composite shows better
capacitive behavior than the AC-PV4Wsg composite. We only did the equivalent circuit
fitting and cycle stability with the PANI-PVsWs composite, as shown in Fig. 7.12B. The
fitted data and equivalent circuit for the PANI-PVsWs composite are shown in Fig. 7.12B.
The circuit corresponds to the symmetric system of PANI-PV4Wsg, so C; and Co= C;
similarly, R1and Rz = Ret, with W representing the Warburg Impedance.
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Fig. 7.11 A) EIS graphs for PANI-PVsWs and AC-PV4Wsg and B) Original and fitted EIS
data of PANI-PV4Ws with knee frequency and equivalent Circuit.

To light up the bulb for a practical application, four carbon cloth pairs (dimension 2 cm
x 2 cm) were coated with PANI-PV4sWs electrode material (~52 m). The circuit was made
by connecting this electrode in series, as presented in Fig. 7.13a and b. This fabricated
circuit was capable of light-up yellow (2.0-2.3 V) and red (1.8 V) light-emitting diodes
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(LEDs) upon charging with an electrochemical workstation. The LED continued to glow

for 85 s (red) upon discharging, taking energy from the device.

Fig. 7.12 (a) and (b) are the fabricated SC that energize red and yellow light-emitting
diodes

7.2.4 Cycle stability studies

The PANI-PV4sWs electrode material's electrochemical stability was further inspected
by cyclic voltammetric tests at 500 mA s scan rates in 0.5 M H2SOq, as given in Fig.
7.14A. The polyaniline conducting polymer-supported PV4Ws composite material showed
excellent stability even after 4500 cycles and retained 93.13% of the initial capacity. The
first and last stability cycles of PANI-PVsWs are demonstrated in Fig. 7.14B. From the
first and final cycle, it is clear that the composite's stability is excellent.
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