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CHAPTER-1

INTRODUCTION

1.1 Requirement for renewable energy

To fulfill the ever-increasing energy demands to sustain the continuous growth and
development of society has increased the maccessible burden on fossil fuel resources and that
is why the struggle to control the energy resources, especially fossil fuels (such as oil, natural
gas, and coal), which are limited n supply, is globally visible due to unevenly distribution on
earth and the non-renewable nature of generation (millions of years) and the energy supply
based on fossil fuels are decisively adding to climate change concerns and global warming
[1]. Continuous increasing utilization of fossil fuels to cater to our energy needs also
increases net carbon addition and release of toxic exhaust such as SOx, NOx, and unburnt
hydrocarbons to the environment and is the root cause of global warming. Further, the
depletion of fossil fuel cause worries due to fluctuating high prices for crude oil and coal
Thus both economic and environmental concerns force society to look for alternative
renewable energy solutions to cater to the ever-increasing energy needs of the world. Thus
renewable energy generation (including solar energy, wind energy, geothermal energy, etc.)
has drawn significant attention as an alternative to fossil fuels and a remedy of concern
related to pollution, global warming, and climate change due to net carbon addition in earth

environment[2].

1.2 Renewable energy sources:

1.2.1 Solar Energy

Solar energy is the most abundant of all energy resources and can even be hamessed in

cloudy weather. The rate at which solar energy is intercepted by the Earth is about 10,000



times greater than the rate at which humankind consumes energy. Solar technologies can
deliver heat, cooling, natural lighting, electricity, and fuels for a host of applications. Solar
technologies convert sunlight into electrical energy either through photovoltaic panels or
through mirors that concentrate solar radiation. Although not all countries are equally
endowed with solar energy, a significant contribution to the energy mix from direct solar
energy is possible for every country. The cost of manufacturing solar panels has plummeted
dramatically in the last decade, making them not only affordable but often the cheapest form
of electricity. Solar panels have a lifespan of roughly 30 years, and come in variety of shades

depending on the type of material used in manufacturing|[3].

Figure 1.1- Solar energy working[4]. (Figure is taken from open access internet source)
1.2.2 Wind Energy

Wind energy harnesses the kinetic energy of moving air by using large wind turbines located
on land (onshore) or in the sea- or freshwater (offshore). Wind energy has been used for
millennia, but onshore and offShore wind energy technologies have evolved over the last few

years to maximize the electricity produced - with taller turbines and larger rotor diameters.



Though average wind speeds vary considerably by location, the world’s technical potential
for wind energy exceeds global electricity production, and ample potential exists in most
regions of the world to enable significant wind energy deployment. Many parts of the world
have strong wind speeds, but the best locations for generating wind power are sometimes

remote ones. OffShore wind power offers tremendous potential [3].

Figure:1.2- wind energy[4]. (Figure is taken from open access internet source)

1.2.3 Geothermal energy

Geothermal energy utilizes the accessible thermal energy from the FEarth’s interior. Heat is
extracted from geothermal reservoirs using wells or other means. Reservoirs that are naturally
sufficiently hot and permeable are called hydrothermal reservoirs, whereas reservoirs that are
sufficiently hot but that are improved with hydraulic stimulation are called enhanced
geothermal systems. Once at the surface, fluids of various temperatures can be used to
generate electricity. The technology for electricity generation from hydrothermal reservoirs is

mature and reliable and has been operating for more than 100 years[3].



Figure: 1.3- Geothermal energy[6] (Figure is taken from open access internet source)

1.2.4 Hydropower

Hydropower harnesses the energy of water moving from higher to lower elevations. It can be
generated from reservoirs and rivers. Reservoir hydropower plants rely on stored water n a
reservoir, while run-of-river hydropower plants harness energy from the available flow of the
river. Hydropower reservoirs often have multiple uses - providing drinking water, water for
irigation, flood and drought control, navigation services, as well as energy supply.
Hydropower currently is the largest source of renewable energy in the electricity sector. It
relies on generally stable ramnfall patterns and can be negatively impacted by climate-induced
droughts or changes to ecosystems that impact rainfall patterns. The infrastructure needed to
create hydropower can also impact ecosystems in adverse ways. For this reason, many
consider small-scale hydro a more environmentally-friendly option, and especially suitable

for communities in remote locations[3].



Figure 1.4: Hydrothermal energy[7] (Figure is taken from open access internet source)

1.2.5 Ocean energy

Ocean energy derives from technologies that use the kinetic and thermal energy of seawater
waves or currents for instance - to produce electricity or heat. Ocean energy systems are still
at an early stage of development, with several prototype wave and tidal current devices being
explored. The theoretical potential for ocean energy easily exceeds present human energy

requirements|3].

Figure 1.5: Ocean energy[8] (Figure is taken from open access internet source)



1.2.6 Bioenergy

Bioenergy is produced from a variety of organic materials, called biomass, such as wood,
charcoal, dung, and other manures for heat and power production, and crops for liquid
biofuels. Most biomass is used in rural areas for cooking, lighting, and space heating,
generally by poorer populations in developing countriecs. Modern biomass systems include
dedicated crops or trees, residues from agriculture and forestry, and various organic waste
streams. The energy created by burning biomass creates greenhouse gas emissions, but at
lower levels than buming fossil fuels like coal, oil, or gas. However, bioenergy should only
be used in limited applications, given potential negative environmental impacts related to
large-scale increases in forest and bioenergy plantations, and resulting deforestation and land-

use change[3].

Figure 1.6: Bioenergy[9] (Figure is taken from open access internet source)

1.2.7 Challenges with the renewable energy sources

The qualities of renewable energies are often overshadowed by one of their defaults: they
produce ntermittentty and more or less predictably. In other words, it is difficult to rely on

them systematically to mtegrate theirr production n a general and global pattern of power



supply [10]. The electricity generated through the renewables can not be comnected to the
grid directly due to the very high power and current fluctuation attached to these renewable
sources as solar intensities or wind speed can not be controlled or programmed; they are
weather and time-dependent. To ensure a balance between supply and demand at all times
and everywhere, it seems essential to develop solutions to store the energy generated through
renewable sources [11].

1.3 Renewable Energy Storage Solutions:

Several energy storage solutions are available and are in practice. Their advantages and their
shortcoming are listed below:

1.3.1 Mechanical energy storage

The flywheel energy storage system (FESS) is a mechanical storage device that emulates the
storage of electrical energy by converting it to kinetic energy which is stored in a rotating
mass with very low frictional losses [12]. The mput energy to the FESS is usually drawn
from an electrical source coming from the grid or any other source of electrical energy. An

mtegrated motor-generator speeds up as it stores energy and slows down when it is

discharging.
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Figure 1.7: Structure and components of a flywheel [13]. (Figure is taken from open access
internet source)



1.3.2 Hydrogen Energy Storage and Methanation

Water electrolysis technology is the most flexible and tenable solution to store renewable
energy on a large, long-term scale. Using excess renewable electricity the Proton Exchange
Membrane (PEM) splits water into its constituent parts, hydrogen, and oxygen, that can be

stored in common tanks.[14,15]
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Figure 1.8: Scheme of the chemical process of hydrogen production [16]. (Figure is taken
from open access internet source)

1.3.3 Superconducting Magnetic Energy Storage (SMES)

The system consists of three major components: the coil, the power conditioning system
(PCS), and a cooling system. The idea is based on the fact that a current will continue to flow
in a superconductor even after the voltage across it has been removed. When the
superconductor coil is cooled below its superconducting critical temperature it has negligible
resistance, hence current will continue to flow (even after a voltage source is disconnected)
[17, 18]. The energy is stored in the form of a magnetic field generated by the current in the

superconducting coil. It can be released by discharging the coil.
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Figure 1.9: Scheme of the main component of SMES system [19]. (Figure is taken from open
access internet source)

1.3.4 Thermal energy storage

Thermal energy storage (TES) includes several different technologies. Thermal energy can be
stored as sensible heat, latent heat, and chemical energy (thermochemical energy storage)
using chemical reactions [20]. Thermal energy storage in the form of sensible heat is based
on the specific heat of a storage medium, which is usually kept in storage tanks with high

thermal insulation[21].

SOLAR FIELD THERMAL STORAGE POWER-BLOCK

Figure 1.10: scheme of the sensible heat storage installation[22] (Figure is taken from open
access internet source)
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1.3.5 Electrochemical energy storage devices

Electrochemical energy devices are ganing attention due to their higher conversion
efficiency and fast power delivery capabilitics. The energy or electricity generated through
renewable sources can be stored in the form of chemical energy and the stored chemical
energy can be dissipated into electrical energy more efficiently. Thus the electrochemical
energy storage devices are also gaining much attention due to theirr recent achievement i
delivering efficient power supply to portable electronics[23,24]. That is why now they are
envisaged as energy storage and power delivery solutions for electric vehicles (EVs) and bulk
grid-scale energy storage and power delivery solutions for grid regulation through rencwable
energy sources. Redox flow batteries, metal-air batteries, and pseudocapacitive electrodes
enabled Hybrid supercapacitors' are the technology of the future for fulfilling bulk energy
storage and fast power delivery requirements.

1.3.6 Historical Perspective

The study of electrochemistry, and the dawn of electricity, began in the late 18th century
when Luigi Galvani noted that a frog's leg twitched when touched with a charged metal
scalpel. This discovery led Alessandro Volta to develop the first battery, called the Volta pile
(Figure 1.11), which consisted of alternating disks of copper and zinc separated by salt water-
soaked cardboard or felt. The Volta pile led to the discovery of the electrolysis of water
(1800, Nicholson & Carlisle) and the discoveries, within several years (1807-1808), of
sodium, potassium, calcium, boron, barium, strontium, and magnesium by Humphry Davy.

Michael Faraday used the Volta pile to develop his 1st and 2nd laws of electrochemistry. [25]
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Figure 1.11: voltaic pile[26] (Figure is taken from open access internet source)
It is interesting to note that most of the battery technologies in use or development today were

invented in the previous two centuries, the exception being the lithium-ion battery (Table

L.1).
Inventor Technology Year
A. Volta First battery 1800
A. Smee Metal air batteries 1840
G. Plante Lead-acid battery 1859
G. Leclanché Zn-MnQ, primary 1868
battery

T. deMichalowski Ni-Zn battery 1899
W. Jungner Ni-Cd battery 1901
Multiple Li-ion battery 1991
mventors

Table 1.1. Development of various battery technologies.[27]
The development of electrochemical capacitors came much later than batteries- more than a
century. The first electrochemical capacitor was developed in 1957 when a patent was

granted to General Electric for electrical energy storage through the electric double layer at a

12



porous carbon electrode.[28] Pseudocapacitance was first described n 1971 for RuO, by
Trasatti and Buzzanca while the theoretical understanding was further developed by
Conway[29].
1.3.7 Energetic of the Batteries
EES ivolves the storage of charge, either directly through -electrostatic interactions or
indirectly through chemical bonds, on two electrode surfaces separated by an electrolyte.
Batteries store electrical energy faradaically, or through the formation of chemical bonds
through oxidation/reduction reactions that involve electron transfer. In this device the total
energy stored (G) is an integral function ofthe overall capacity (Q) and voltage (E):

G =] QDE (1.1)
The relationship between capacity and voltage is fundamentally different for batteries. This is
because the faradaic reactions utilized in batteries often result in a phase transformation when
an electrode material transforms from the oxidized to the reduced form:

Q+ne &R (1.2)
For an ideal battery with an invariant potential, the total stored energy is simply:

G=QE (1.3)
The theoretical (or maximum) capacity of a battery material can be determined by knowing

the redox reaction taking place and by using Faraday's laws of electrolysis which state that:

F

Q=2 (1.4)

where F is the Faraday constant (96,485 C mol'l), n is the number of electrons transferred,
and M is the molar mass of the material. The potential of a battery material is directly related
to the Gibbs energy change (AG) of the redox reaction and thus the chemical potential change

(Ap) upon reduction:[29]

E’=-AG/nF =-Ap /nF (1.5)
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This relationship forms the basis of the Nernst equation, which also accounts for the different
activities of the materials involved in the redox reaction.

1.4 Type of rechargeable energy storage and power delivery technologies:

At present batteries are produced in many sizes for a wide spectrum of applications. Supplied
powers move from W to the hundreds of kW (compare battery for power supply of
pacemakers and battery for the heavy motor vehicle or power station). Common
commercially accessible secondary batteries according to used electrochemical systems can
be divided into two basic groups: Standard batteries (lead-acid) and modern batteries ( Li-
ion).

1.4.1 Lead-acid battery

The lead-acid battery when compared to other electrochemical sources has many advantages.
It is low price and availability of lead, good reliability, high voltage of the cell (2 V), high
electrochemical effectivity, and cycle life from several hundred to thousands of cycles, lead-
acid batteries are suitable for medium and large energy storage applications because they
offer a good combination of power parameters and a low price. It is usually composed of
some series-connected cells. The main parts of a lead-acid battery are electrodes, separators,
electrolytes, vessels with lids, ventilation, and some other elements.[30]

In a lead-acid battery active material is made from lead oxide PbO pasted onto a grid and
then electrochemically converted into reddish-brown lead dioxide PbO, on the positive
electrode and grey spongy lead Pb on the negative electrode, Separators electrically separate
the positive electrode from negative and, an aqueous solution of H,SOy4 is used as electrolyte

with the density of 1.22-1.28 glem’[31]
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Figure 1.12: Lead-acid battery (Figure is taken from open access internet source)

Overall chemical reaction during discharge is:

PbO, +Pb +2H,SO4 — 2PbSO4 + 2H,0 E0 =+2.048 V (1.6)
The reaction proceeds in opposite direction during charge.
The lead-acid battery is used for cranking automobile internal combustion engines and also
for supporting devices that require electrical energy when the engine is not running and the
power supply of industrial trucks, delivery vehicles, and stationary battery ensures
uninterrupted electric power supply in case of failure in distributing network. The cycle life
of the battery is about 5 years (1000 charge-discharge cycles).
Lead-acid batteries can be affected by positive plate expansion, water loss brought about by
gassing or by a high temperature, acid stratification, positive grid corrosion, and incomplete
charging causing active mass sulphation, due to this battery in a partial state of charge cycling

in hybrid electric vehicles (HEV) and for remote area power supply applications)[32].
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1.4.2 Lithium-ion battery
Lithium-ion batteries enabled the portable electronics revolution to take place over the past
30 years. Today the batteries utilize reversible lithium-ion intercalation mnto both the cathode
and anode to store energy. While electrochemical insertion of lithium mto transition metal
compounds was reported in the 1970s,[33] it wasn't until the discovery of lithiated transition
metal oxides and lithium intercalation nto graphite that the first battery was commercialized
by Sony. The basic configuration of a lithium-ion battery is shown in Figure 1.13. The
cathode material is usually LiCoO, while the anode is graphite. The advantage of utilizing
these two electrode materials is that they result in a high cell voltage of 3.6 V and an energy
density of approximately 120-150 Wh kg'. [34] The electrolyte is LiPFs in a mixture of
organic solvents such as ethylene carbonate and dimethyl carbonate. The reactions during the
energy-storage (charging) stage are:

Cathode: LiCoO, < Li, CoO, +xLit +xe-  (1.7)

Anode: C¢+ Lit + e < LiCq (1.8)
These reactions are reversed during the discharge cycle; commercial lithium-ion batteries

are rated for approximately 500 charge/discharge cycles.[35]
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Figure1.13. The configuration of a Li-ion battery is used today[33]. (Figure is taken from
open access internet source)

Intercalation reactions can offer a high degree of reversibility due to the small voltage
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differences during insertion and de-insertion for many materials. However, outside of their

stability limits, mtercalation materials experience severe structural changes and dissolution

that lead to severe problems such as capacity fading and thermal runaway. Intercalation

reactions usually store 1 lithium per formula unit and this value has not increased over the

years despite extensive research on the topic. Energy density can also be improved by

increasing the voltage of the cathode material from the 3.6-3.9 V of LiCoO,; the voltage of
the graphite is already quite low. Several higher voltage cathodes have been proposed,

among them a family of materials based on the spinel Li,M,Mn, O4, where M = Cr, Fe,

Co, Ni, and Cu.[38] In these materials, the energy storage occurs between 4 and 5 V. The

higher voltage route has an additional challenge of finding suitable electrolytes for a 5 V

potential window.

1.4.3 Challenges and shortcomings of Li-ion batteries

Despite their technological promise, Li-ion batteries still have several shortcomings,
particularly in safety. Li-ion batteries tend to overheat and can be damaged at high voltages.
In some cases, this can lead to thermal runaway and combustion[36]. Li-ion batteries are also
subject to aging, meaning that they can lose capacity and frequently fail after several years.
Another factor lLimiting their widespread adoption is their cost, which is around 40% higher
nevertheless, they are not ideally suited for applications that require fast charge storage, such
as regenerative braking[37].

Although significant advancements have been made during the past decades to improve
battery performance, the main problem comes from peak usage. Even i small electronic
devices such as mobile phones and laptops, battery damage occurs upon sudden usage of the
battery's energy. This situation is constant in EVs, as different factors such as driving style,
road, etc., cause rapid changes in power consumption. A battery performs well when it is

discharged monotonically because the corresponding electrochemical reaction can proceed
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monotonically[38]. However, when an EV requires sudden power consumption during its
acceleration, the battery pack cannot be discharged quickly enough to satisfy this
requirement. The same applies to high current storage in the batteries that are generated
during the braking of the EV. These fluctuating flows of a high electric current mto and from
the battery could have a detrimental effect on the electrolytes. When this acceleration/braking
is repetitive (city driving, for example), this can shorten the life of the batteries. hence, there
is a need for an alternative to deal with the problem of batteries like their low life span and
less power; in the present situation, needs a device that has special abilities such as high
power, energy density along with long cycle life[39]. Modem high-power equipment
demands a large amount of energy along with quick delivery; batteries and capacitors are
unable to provide such requirements[40]. Supercapacitors have been developed in the last
few decades to fulfill major requirements of conventional energy storage devices (batteries
and capacitors).

1.4.4 Electrochemical Supercapacitors

Electrochemical supercapacitors (ESs) are emerging energy storage devices that offer a
balance of power and energy performance and bridge the gap between conventional
capacitors and batteries. ESs also possess other advantages such as long cyclic life and the
ability to charge-discharge rapidly, making them suitable for applications neither capacitors
nor batteries can achieve. Currently, ESs are used for electric vehicles in conjunction with
batteries, which have been shown to reduce the overall size of the power source, improve

lifettime and reduce the energy loss of batteries.

Before going into details of ESs, a summary of the capacitor should be reviewed as they are

similar in terms of parameters and general operating mechanisms.
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1.4.5 Electrostatic Capacitor

An eclectrostatic capacitor consists of two conductive plates separated by a dielectric plate.
The conductive plates are initially electrically neutral, and when a voltage is applied,
electrons will start to travel from the positive plate to the negative plate until the potential
difference between the plate is the same as the source. The two plates are now positively and
negatively, and the amount of charge stored is given by Eq. 1.9, where Q is the charge stored,

V is the voltage between plates, and C is the capacitance of the dielectric capacitor[41].

Q=CVv (1.9)
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Figure 1.14: Schematic of the simple electrostatic capacitor. [41] (Figure is taken from open
access internet source)

For an electrostatic capacitor, its capacitance is dependent on the diclectric constant &,

contact areas between plates A and the thickness of dielectric d shown in Eq. 1.10

C =gt % (1.10)

The equation shows that the amount of charge stored in a capacitor is proportional to voltage,
and the total energy and maximum power stored in a capacitor are governed by Eq. 1.11and

Eq. 1.12
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VMax 1
Erotar = ny;:lm vav =;CV2 (1.11)

(1.12)

These equations also apply to ESs, indicating the performance of capacitors can be enhanced
by increasing the capacitance of electrode materials, expanding the operating voltage

window, and reducing the internal resistance of capacitors.

1.4.6 Supercapacitors — Electrochemical double-layer capacitors & pseudocapacitors

A supercapacitor (SC), also called an ultracapacitor, is a high-capacity capacitor with a
capacitance value much higher than other capacitors but with lower voltage limits that bridge
the gap between electrolytic capacitors and rechargeable batteries. It typically stores 10 to
100 times more energy per unit volume or mass than electrolytic capacitors, can accept and
deliver charge much faster than batteries, and tolerates many more charge and discharge
cycles than rechargeable batteries[42]. Unlike ordinary capacitors, supercapacitors do not use
the conventional solid dielectric, but rather, they use electrostatic double-layer capacitance
and electrochemical pseudocapacitance, both of which contribute to the total capacitance of

the capacitor, with a few differences.

ESs can be classified into two categories based on the charge storage mechanism[43]: (i)

electrochemical double-layer capacitors (EDLCs) and (ii) pseudocapacitors.

1.4.7 Electrochemical double-layer capacitors

In EDLCs, the -charge-discharge mechanism orignated from pure electrostatic charge
accumulation and separation at the electrode/electrolyte interface on two electrodes, as shown
in Figure 1.15, and the capacitance that arises from such interface is called double-layer

capacitance(Cdl) [44]. Similar to conventional capacitors, EDLCs consist of positive and
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negative electrodes immersed i an electrolyte but offer a higher capacitance per volume by

using high surface area porous carbon materials as active materials.
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Figure 1.15: The charge storage mechanism of EDLC[45] (Figure is taken from open access
internet source)

1.4.8 Principles of energy storage in EDLC

To understand the charge storage mechanism, the origin and models of double-layer should
be discussed. The concept of double-layer was first modeled by von Helmholtz, and the
model included two layers of opposite charges with an atomic level separation distance.
Figure 1.16(a) is a schematic of the Helmholtz model, where the charged electrode surface is
covered by a static array of compacted ions. After the Helmholtz model was proposed, Gouy
& Chapman realized that the ions in electrolyte would not only be subjected to a static
electric field on the surface of the electrode but also thermal fluctuation according to the
Boltzmann principle. Therefore, Gouy-Chapman has improved the Helmholtz model by
assuming ions as point charges and accounting for the thermal fluctuation shown in Figure
1.16(b). However, the assumption of point charge ions led to the failure of Gouy-Chapman

model
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Figure 1.16: Double layer in (a) Helmholtz model, (b)Gouy-Chapman model, and (c) Stern

model. [46] (Figure is taken from open access internet source)

Using the Stern model, the equivalent circuit diagram of Cdl can be represented by Figure
1.17, and the contribution of Helmholtz (Cy) and diffuse layer(Cpifr.) capacitance can be

related to Cdl by Eq.1.13.

Cy Caifr

Figure 1.17: Equivalent circuit diagram of Cdl in Stern model [46] (Figure is taken from open
access internet source)

=2+ (1.13)

Caq Cy  Caifr.

Overall, the Stern model has generated a much more complete picture of the double-layer
compared to Helmholtz and Gouy-Chapman model by distinguishing the contribution of
capacitance from the Helmholtz layer and diffuse layer. Grahame’s model further refined the
Stern model, by accounting for properties of cations and anions in electrolytes such as ionic
radii of ions and polarizability.[46] The most important distinction in the Grahame model is
the distances of closest approach for cations and anions to the surface of the electrodes since

cations are typically smaller than anions and retain a solvation shell due to ion-solvent
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mteraction[46]. The solvation shell of cations causes cations to be further away from the
electrode surface, compared to anions. The difference in distance of closest approach for
cations and anions has broken down the Helmholtz layer mnto mner and outer Helmholtz

layers shown i Figure 1.18.

SOLVENT

GOUY-CHAPMAN
DIFFUSE LAYER

NEUTRAL
MOLECULE

(0]

W

I

|
/ / r«._,d_]:;‘ggi‘HELMHOLTZ LAYER
2

Figure 1.18: Schematic of Grahame model. [46] (Figure is taken from open access internet source)

As a result of such a difference in distance, the Cdl in positive polarization (positively
charged surface) is higher than in negative polarization due to a larger separation distance.
Therefore, Eq.1.13 can be rewritten as Eq.1.14, to account for the capacitance contribution

fiom the inner (Cy) and outer (Cop) Helmholtz layers.

T (1.14)
Cat  Cm  Com  Cpiff

In commercial EDLCs, porous carbon materials are typically used as active materials, which
have surface areas in the range of 500-3000 m’ g'[47]. It has been demonstrated in the

literature that these carbon-based electrodes exhibited Cq between 15-50 pF cm® in aqueous
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electrolytes[48]. Taking an average value of Cy as 30 puF cm” and a surface area of 1000 m’
g!, the theoretical capacitance of such carbon material is 300 F g'. However, the attainable
capacitances for carbon-based materials are often below 50 F g, due to limited electrolyte
access m pores and low electrical conductivity[49]-[51]. Despite the low attainable
capacitance of active materials, EDLCs operate in a pure electrostatic fashion and do not
nvolve phase change allowing them to have an extremely long cyclic life. The operating
voltage window of aqueous EDLCs is limited to about 1.4 V to prevent the decomposition of
water molecules, and with organic electrolytes, EDLCs can operate up to 3.5 to 4 V[48].
Even though EDLCs with organic electrolytes give higher energy density, the electrolyte

resistance is higher in organic electrolytes and reduces the power density[48].
1.4.9 Pseudocapacitors

In EDLCs, energy storage is based on charge accumulation on the surface of the electrode. In
pseudocapacitors, energy is stored by fast and reversible redox reactions at the surface of
active materials. Compared to EDLCs, pseudocapacitors offer 10 to 100 times higher
capacitance because charge storage is not limited to the surface only, but also to the near-
surface region where ions can diffuse [52]. However, the slow faradic process hindered the

power performance of pseudocapacitors compared to EDLCs.

Pseudocapacitance arises when electrode potential is dependent logarithmically on the extent
of reactions and involves charge transfer across the double layer[46]. Conway has identified
faradic systems that can give rise to pseudocapacitance: (i) underpotential deposition system,

(i) redox pseudocapacitance, and (iii) intercalation pseudocapacitance[53].
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Figure 1.19: Schematic of pseudocapacitive systems identified by Conway.[53] (Figure is
taken from open access internet source)

1.4.10 Principles of energy storage in pseudocapacitors

From the thermodynamic point of view, pseudocapacitance can be related to potential by
Eq.1.15 where o is some property of the system, proportional to the amount of charge passed

[46].

@ _ vE
- KeprT (1.15)

—-a

In the under potential deposition system, the charge is stored by potential-dependent
adsorption of adatoms (H, Pb, Cu) onto metal (Pt, Au, Ag) surface [48]. For the H-Pt system,
2-dimensional surface reactions are involved, and Eq.1.15 can be rewritten as Eq.1.16 where

Oy is the fractional surface coverage of H on Pt and CH' is the concentration of H' ions

assuming the electrosorption obeys Langmuir isotherm.

Oy

= KCyrexp— (1.16)

This equation indicated there is such a range of potential corresponds to a range of 0y, and

the capacitance can be defined by Eq.1.17.

dae, F
Co =yt = -6, (1 - 6) (1.17)

RT
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F
From Eq.1.17, the maximum capacitance qRLTcan be reached when 0y = 0.5. Using qu ~ 210

uC cm?, the maximum achievable capacitance for the H-Pt system is approximately 2200 pF
cm”® [48]. However, this capacitance was derived using Langmuir isotherm with no
interactions between adatoms and metals, and Boudart chemisorption typically resulted n a
change in surface electron distribution[46]. Therefore, Conway and Gileadi considered an

adsorption isotherm with interaction energy term gf to accommodate for the interactions.
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Figure 1.20: Coverage vs. the potential for positive and zero-g value. (Figure is taken from
open access internet source)

To account for the interaction energy, Eq.1.17 can be modified to Eq.1.18 where maximum
capacitance is achieved when 6y = 0.5, but spans over a larger potential range shown in

Figure 1.20.

_ QuF _ 6(1-6py)
Co = RT 1+g0,(1-6y) (1.18)

Despite the substantial pseudocapacitance arising from underpotential deposition, the high
cost of noble metal substrates has limited their applications[52]. However, the concept of
chemisorption and interaction energy can still be applied for redox and mntercalation

pseudocapacitance systems.
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In redox pseudocapacitance, ions are electrochemically adsorbed onto the surface of active
materials accompanied by faradic charge transfer[53]. Metal oxides and conducting polymers
are examples of redox pseudocapacitive materials, and the adsorption of ions is achieved by

the charge compensation in redox reactions.

For any redox reaction, it can be described using the general chemical equation of Eq.1.19,

where Ox and Red are the oxidized and reduced species.

Ox + ze- & Red (1.19)

Using Eq.1.19, the Nernst equation of such a system can be written as Eq.1.20, where [Ox]

and [Red] represent the concentration of oxidized and reduced species

[0x]

—F 4R, R o 10Xl
E=E +— In 1_9{,91 = Toxl+ red] (1.20)
R AEZF
T T 6P s (1.21)

By manipulating the Nernst equation Eq.1.21 shows a form resembling Eq.1.15, but with the
property of concern of the extent of redox reactions. Therefore, a similar conclusion can be
made that the potentials follow a logarithmical relation with the extent of redox reactions.
Toupin et al. have demonstrated such potential dependence in MnO, thin and thick film
electrodes by X-ray photoelectron spectroscopy (XPS), where MnO, oxidation state changes
with potential for thin-film electrode[54]. Another mteresting finding of Toupin et al was
that the oxidation state of MnO; thick film did not vary with potential which they concluded
the charge storage mechanism was similar to carbon electrode, and only a thin layer of MnO,

was mvolved in the process and electrochemically active[54].

The intercalation pseudocapacitance is also based on redox reactions, which arise when ions
intercalate into tunnels or layers of active materials accompanied by faradic charge transfer
without crystallographic phase change but mvolve redox reactions m a 3-dimensional
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structure rather than a 2-dimensional surface i redox pseudocapacitance. Similar to
underpotential deposition and redox pseudocapacitance, the extent of intercalation can be
related to a range of potential by Eq.1.22, where X is the fraction of ion occupancy in lattices.

X AEZF
— =exp
1-X RT

(1.22)

Overall, Figure 2.8 shows a summary of pseudocapacitive systems and their corresponding
Nernst equations, and the key idea of this section is the logarithmic relations between
potential and capacitance give rise to pseudocapacitance

1.5 Electrode materials

The higher supercapacitive performance can be achieved by selecting active material with
desired properties. The features of active material plays important role in achieving high
supercapacitive performance. Metal oxides and hydroxides are used as active materials for
pseudocapacitors, which have high theoretical capacitances originating from fast faradic
reactions and resulting in a much higher energy density than EDLCs. Many metal oxides and
hydroxides such as RuO;, MnO;, V,0s, NiO, Co304, Fe;03, and FeOOH are some examples
of materials, which have been investigated and have shown exceptional results as active
materials for ESs. However, the majority of these metal oxides and hydroxides suffer from
low electrical conductivity, and conductive carbon materials are incorporated to fabricate
composite materials.[43], [55]

A review of electrodes developed till now is presented below

1.5.1 Ruthenium dioxide (RuQ,)

Ruthenium dioxide is one of the first metal oxides investigated for its application in ESs. Its
crystaline and amorphous hydrous forms have the ideal characteristics properties of faradic
active materials, such as multiple oxidation states, high electrical and ionic conductivities,
and good cyclic stabilities[S5]. In 1971, Trasatti et al. prepared RuO, thin film by thermal

decomposition and the film exhibited capacitive behavior n 1M HCIO4 electrolyte in the
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voltage range of 0 to 1.45V vs. RHE [56]. In acidic conditions, the charge storage mechanism

of RuO, can be expressed by Eq.1.23.
RuO2+xH*+xe~ <Ru02-(0OH)x (1.23)

The pseudocapacitance of RuO; thin film was attributed to the successive redox transition
fiom Ru*" to Ru'’, and the conversion of OH to O within the structure by transfer of
proton[55]. The performance of RuO, electrodes is governed by the charge transfer and
diffuision processes, such as electron hopping within and between RuO, particles, electron
transfer from active materials to current collectors, and ion diffusion within RuO,[57].
Among the two forms of RuO;, the hydrous form of RuO; has shown higher capacitance
compared to the anhydrous. Sugimoto et al. have investigated the capacitive performance of
RuO, with different water content, and they have shown anhydrous RuO, has a much lower
capacitance (24 F g') than the hydrous form (342 F g) [58] and explained with the tree root
model for anhydrous RuO,, the particles are agglomerated with no available micropores for
ion diffusion, and hydrous RuO, particles are smaller, and hydrated micropores exist between
particles allowing good ion transport. Therefore, the water content in RuO, plays an
important role, which is responsible for fast ionic conduction through the porous structure to

enhance capacitive performance[58].

Despite having the ideal properties for ESs applications, the high cost of RuO; has limited its
applications. To address this problem, some research was conducted to fabricate RuO,
composite with low-cost metal oxides or deposition of RuO, on conductive substrates[59].
Hu et al. have fabricated hydrous RuO, — TiO, nanocomposite by hydrothermal process, and
such electrodes have shown remarkable capacitance of 992 F g at the scan rate of 100 mV s~

! [60]. In another study by Hsich et al, composite composted of vertically aligned MWCNTs
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coated with hydrous RuO; on a titanium current collector, and a maximum capacitance of

1652 F ¢! was achieved [61].
1.5.2 Manganese dioxide (MnQO,)

MnO, has been investigated extensively for ESs application due to its high theoretical
capacitance (1370 F g'l), low cost, low toxicity compared to other metal oxides, and multiple
available oxidation states.[62], [59] Similar to RuQO,, the pseudocapacitance of MnO; is
derived from the successive redox transition of Mn®" and Mn*'[43], and the charge storage

mechanism can be expressed by Eq.1.24.

MnOz2+C*++e~ < Mn0OOC (1.24)

An advantage of MnO; compared to RuO, is its capability of operating in a mild aqueous
electrolyte such as Na;SO4 and chloride salts (KCl, NaCl)[2], rather than strong acid or base

electrolyte used in RuO, systems[55].

MnO; has various crystal structures, denoted by a, B, v, 8, and A phases, and is a crucial factor
in the eclectrochemical performance of MnO,, and all phases have tunnel structures for
electrolyte access, where the tunnel size varies from 1.89 to 7 A[63]. Brousse et al and
Devaraj et al. have determined the capacitance of different structures of MnO; mn a 0.1M
K;SO4 and 0.IM Na;SO4 solution respectively, and both authors suggested that the

capacitance of MnO; decreases in the order of o = 6 >y > A>3 [63], [64].

In another study by Ghodbane et al, the surface area of different structures of MnO, was
investigated to determine the correlation between surface area and capacitance and showed
that capacitance of MnO, has a strong correlation with ionic conductivities, rather than the
BET surface area[65]. These results have indicated the charge storage mechanism of MnO, is

not only limited to surface reactions but also ion intercalation into bulk MnO;[64], [65].
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Despite its high theoretical capacitance and compatibility with aqueous electrolytes, one of
the major drawbacks of MnO, is its low electrical conductivity.[59], [62] The conductivity of
electrode materials has a significant impact on the capacitance and rate performance. As the
charge-discharge rate increases, the low conductivity of electrode materials limits the charge
storage process in a confined volume and results in reduced capacitance and poor rate

performance.
1.5.3 Vanadium pentaoxide (V,0s)

Other than manganese oxides, V,Os has also shown remarkable performance as the active
material for batteries and ESs. V,0s5 possesses advantages such as high energy density, low
toxicity, low cost, stable layered structure, and wide potential window arising from multiple
available oxidation states from V?* to V°'[43], [53], [57], [66]. Lee and Goodenough
fabricated the first amorphous V,0s5-nH,O composite electrode by quenching V,0s powder
heated at 1223 K for 30 minutes in Deionised water and subsequently balled milled with
acetylene black and polytetrafluoroethylene (PTFE) then pressed on a Ti substrate[67]. The
fabricated electrode showed a close to mirror-image cyclic voltammogram between the
potential of -0.2 to 0.8 V vs. SCE mn a 2M KClI electrolyte at low pH (pH = 2.32), indicating
that amorphous V,0s can give pseudocapacitance i aqueous electrolyte with a specific
capacitance of 346.4 F g'[67]. However, they have also found that the V,Os composite
electrode n 2M KCI close to the neutral electrolyte (pH = 6.67) undergoes dissolution at -0.1
V vs. SCE, and such dissolution behavior of V,Os can be reduced by adjusting the pH of
electrolyte to more acidic condition. Moreover, V,0s also suffers from low electrical

conductivity similar to MnOs.

In an approach by Zhu et al, they have fabricated a 3D network of V,Os nanosheets by

producing 2D nanosheets by hydrothermal synthesis, followed by a freeze-drying procedure.
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The resulted in porous 3D structure allowed high specific capacitance of 451 F g in neutral
Na;SO4 electrolyte, and remarkable capacitance retention of more than 90% over 4000
cycles[68]. In another approach, Qu et al. have attempted to reduce dissolution and improve
conductivity using a core-shell structure of polypyrrole (PPy) on V;0s nanoribbon [69]. The
electrode coated with V,0s of nanoribbon morphology was tested m a 0.5 M K,SO4
electrolyte, and the electrode has shown an exceptionally high specific capacitance of 308 F
g'[69]. The electrode was also subjected to cycling for 10000 cycles, and the capacitance

loss was less than 5%, whereas pure V,0Os resulted in a 17.5% loss[69].
1.5.4 Nickel oxide (NiO) & nickel hydroxide (Ni(OH),)

NiO is another promising candidate for ESs application, due to its extremely high theoretical
capacitance of 2584 F g, low cost, and low toxicity[70], [71]. NiO is typically synthesized
by producing Ni(OH), and subsequently annealed at high temperatures to form NiO[57]. The
electrolyte for NiO electrode is wusually alkaline solutions, however, the charge storage
mechanism is unclear. There are two theories proposed for the pseudocapacitance of NiO
arise from alkalne solutions, where the first one mvolves the redox reactions between NiO
and nickel oxyhydroxide (NiOOH) (Eq.1.25 & 1.26), and the latter theory involves reactions
between Ni(OH), and NiOOH (Eq.1.27 & 1.28)[59]. However, it is commonly believed that
Eq.1.25 occurred first to produce NiOOH, followed by the reversible redox reactions between

Ni(OH), and NiOOH[71].

NiO + OH~+ o NiOOH + e- (1.25)
NiO + H20 + e= & NiOOH + H++ e- (1.26)
N(OH)2 & NiOOH + H*+ e~ (1.27)
N(OH)2+ OH- & NiOOH + H20 + e~ (1.28)
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It has been shown that there are a few issues with NiO, such as significantly lower specific
capacitance achievable compared to the theoretical value, low electrical conductivity, and
poor cyclic stability[59]. Similar to other metal oxides, efforts have been focusing on
fabricating nanostructured NiO or NiO composite with other materials[70], [72—75]. Nam et
al. have mvestigated the electrochemical performance of porous NiO fim derived from
electroplated Ni(OH), film on nickel foil substrate with different deposition current densities
followed by heat treatment. The specific capacitance of NiO film increased with deposition
rate, and a specific capacitance of 277 F g was achieved in 1M KOH electrolyte for the NiO
film with a deposition current density of 4 mA cm™*[76]. In another investigation by Yuan et
al, they fabricated porous NiO nano and microspheres to improve rate performance. The
approach ivolved a low-temperature precipitation reaction with an alkaline solution and
nickel salts, and the fabricated electrode exhibited a specific capacitance of 525F g at the
current density of 4 A g'[77]. The hierarchical porosity generated by the nano and

microspheres has offered high capacitance retention of 98% after 2000 cycles[77].

Ni(OH), has a hexagonal layered structure with two polymorphs, a-Ni(OH), and B-Ni(OH),,
and have been demonstrated that the structure has an impact on the performance of the
clectrodes[78]. a-Ni(OH), has mtercalated with anions and water within the structure,
whereas water is absent in B-Ni(OH),[78]. The o-Ni(OH), showed a higher specific
capacitance than B-Ni(OH),, and the situation can be explained by recalling that hydrous
RuO, showed higher specific capacitance than the anhydrous form due to improved ion

transport[58], [79], [80].
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1.5.5 Cobalt oxide (Co304) & cobalt hydroxide (Co(OH),)

Co3;04 is another alternative active material for ESs application, given a high theoretical
capacitance of 3560 F g, low cost, good corrosion resistance, and high electrochemical
stability[43], [71]. Co304 electrodes can be operated in alkaline solutions, and the charge

storage mechanism is described in Eq.1.29.
C0304+ H20 + OH— < 3C000H + e~ (1.29)

Despite its high theoretical capacitance, the actual capacitance achievable by Co304 is low,
and the poor conductivity is one of the major challenges[81]. Nanostructured Co304 has been
fabricated such as nanotubes[81], nanosheets[82], nanotubes[83], nanowire arrays[84], and
composite with graphene[85] and porous carbon[83] were also investigated. Salunkle et al.
have to synthesize nanoporous Co3Os using a metal-organic framework. The nanoporous
structure has allowed a large surface arca for charge storage, and the clectrode exhibited a
specific capacitance of 504 F g at a scan rate of 5 mV s™' in a 6M KOH electrolyte[83]. The
cyclic stability of the electrode was also tested, and interestingly the specific capacitance
increased to ~1100 F g after 500 cycles and plateau afterward [84]. The authors suggested
that the phenomenon was a result of an activation process, where the electrode allowed more

complete intercalation and deintercalation during charge-discharge.

Co(OH), has also gained significant interest due to its layered structure with large spacings,
and it can facilitate fast ions motions during intercalation and deintercalation[59]. However,
to retain the structure of hydroxide, the potential window of Co(OH), is limited to around 0.5
V[85], [86]. Kong et al have synthesized asymmetric supercapacitor with a-Co(OH), and
AC, and the a-Co(OH), electrode has shown remarkable specific capacitance of 735 F g™ in
the potential range of 0 to 0.4 V vs. SCE, and the device fabricated has a specific capacitance

of 724 F g within the potential window of 0-1.6 V[86]. Jagadale et al. have investigated the
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electrochemical performance of B-Co(OH), thin film deposited on stainless steel substrate
potentio-dynamically, the electrode exhibited outstanding specific capacitance of 890 F g in

IM KOH electrolyte in the potential window of -0.2 to 0.4 V vs. SCE[87].
1.5.6 Transition metal oxalate-based electrodes

Other than transition metal oxide, oxalate-based metal-organic framework (MOF) has also
shown performance as an active material for ESs. MOF possesses advantages such as high
energy density, low toxicity, low cost, stable pores structure, and wide potential window
arising from multiple available oxidation states[88]. and the charge storage mechanism is

described by Eq.1.30.
M(T)C204. nH20 + OH gojy e M(I1I) - (OH)C204.nH,0 + € (1.30)

Wang et al. have to synthesize Nips55C00.45C204 solid solution by the liquid-liquid interfacial
reaction involving a co-precipitation process and get a micro-cuboid structure composed of
nanoparticles with sizes ranging from 13 to 23 nm. Moreover, electrochemical measurements
achieved a specific capacity of 562 C g ' at a current density of 1 Ag '[89]. In another
investigation, Zhao et. al demonstrated the use of (N+OA) for ESs application. They
prepared the electrode 2D porous Ni-OA thin sheets by the direct hydrothermal
decomposition of a mixed aqueous solution of transition metal nitrates (Ni(NOs), and OA.
The fabricated electrode was tested n a 6 M KOH eclectrolyte and showed a specific
capacitance of 2835.06 F.g ' at 1.0 Ag . The cyclic stability of the electrode was also tested
(94.3 % of capacity retention after 5,000 cycles at 10 A-g ') [90]. Pu et. al. have synthesized
2D porous Co-OA thin sheets with different sizes and crystallinity assembled by
interconnected nanosheet frameworks by hydrothermal strategy at 220 °C for different
reaction times. The electrode was tested in a 6 M KOH celectrolyte and showed specific

capacitance(1.631 F-cm™ at the current density of 1.2 mA-cn 2. the retention rate was 80.6 %
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when the current density increased 10 times [91].  Cheng et. al have synthesized
nanostructured cobalt oxalate electrodes by one-step in-situ electrochemical method
(anodization). The prepared electrode was demonstrated in KOH electrolyte and showed a
specific capacitance of 1269 F g' at the current density of 6 A g' in the galvanostatic
charge/discharge test. Moreover, the electrode also tested rate capability and cycling

stability ( 8.1% decay after 100,000 cycles)[92],
1.5.7 Intercalation pseudocapacitance in Nb,Os

Intercalation pseudocapacitance is a charge storage phenomenon characterized by ion
nsertion mnto a layered or tunnel structure. Even though such a mechanism results n a change
of potential with the amount of ion insertion, it is not considered capacitive due to the kinetic
limitations of solid-state diffusion. This limitation renders most intercalation-based materials
suitable for timescales where charge storage occurs i hours, as in batteries. In other studies,
the exceptionally rapid charge storage of Nb,Os nanocrystals was demonstrated n a non-
aqueous Li" electrolyte and it was shown that the charge storage was capacitive, later the
kinetics of charge storage in Nb,Os are quantified and, in the process, several characteristics
necessary for intercalation pseudocapacitance were defined: a crystalline structure that
offered 2D transport pathways and little structural change upon mtercalation, currents that
vary inversely with time, charge storage capacity that is mostly independent of rate, and
redox peaks that exhibit small voltage offsets, even at high rates. The principal benefit
realzed from intercalation pseudocapacitance is that high levels of charge storage are

achieved within short periods because there are no limitations from solid-state diffusion.

The phenomenon of intercalation pseudocapacitance and the high-rate behavior of NbOs
were investigated by using two different electrode techniques that provide a wide variation in

sweep rates. For timescales between ~3 hours and 60 seconds (sweep rates of 0.1-20 mV s’

36



within a voltage window of 1.2 V), a thin-film electrode was utilized. For shorter timescales
where ohmic polarization is significant (60-500 mV s), a cavity microelectrode was used
where the active material was mixed with conductive carbon black to alleviate the loss of

electrical transport (ohmic losses) [93].

The results presented in the study Nb,Os exhbit eclectrochemical features of a
pseudocapacitive material despite charge storage occurring in the bulk. Such behavior is
consistent with intercalation pseudocapacitance. The electrochemical features indicated in
this mechanism are currents that are linearly proportional to the sweep rate, the capacity that
does not wvary significantly with charging time, and peak potentials that do not shift
significantly with the sweep rate. A key “design rule” for intercalation pseudocapacitance at
the atomic scale is a structure that does not undergo phase transformations upon intercalation.
In addition, facille 2D lithum-ion diffusion pathways are important. Charge storage that
behaves as a quasi-2D process exhibits similar behavior to 2D surface adsorption
reactions[52]. These features contrast with those of pseudocapacitive RuO,-xH,O where

charge storage occurs mainly on the surface or near-surface [53][94-95].

In this thesis, I focused on the development of novel materials to be intercalative
pseudocapacitive electrodes. Metal oxalate framework structures are employed here to
develop superior electrodes for hybrid intercalative battery-type supercapacitors.
Thermochemical properties especially couplng of TGA/DTA techniques with strategic
precipitation schemes to develop novel highly porous nanostructures that can enable fast
transport or diffusion of ions in the host structure to have large-scale charge storage
capabilities is the main focus of the thesis. Further, the focus of the thesis is to understand the
diffision kinetics of the electrode to develop superior battery-type redox-mediated

intercalative supercapacitors.
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