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ABSTRACT

For supercapacitor applications Metal organic framework as an electrode material have
emerged as an attractive alternative for large scale energy storage due to their enormous
specific surface area and porous structure. The crucial aspect is the selection of electrode
material. Nickle has drawn a lot of attention because of its advantageous qualities, which
include strong electrical conductivity, chemical stability, tunable oxidation states, and an
overall contribution to the material's porosity and surface area. Herein, five distinct Ni-
MOFs were synthesized through solvothermal methods using five distinct ligands to
investigate their properties as supercapacitor electrode materials. The Brunauer-Emmett-
Teller method is used to compute the specific surface area and Ni-PM MOF shows the
highest surface area value among all prepared electrodes, calculated as 24.38 m?g . Ni-PM
MOF has the highest specific capacitance of 1497 F g at 0.5 A g and charge transfer
resistance Rct value of 0.82 Q in comparison to all other prepared electrodes. Furthermore,
demonstrating outstanding cycling stability of 94.1 % capacitance retention (5000 cycles).
Results indicate that Ni-PM MOF, out of all the prepared Ni-MOFs, can provide the best
performance demonstrated by all characterizations including XRD, SEM, TEM, XPS, BET,
Raman and Electrochemical measurements as well. Overall, Ni-PM MOF can be used as a
potential electrode material for a supercapacitor application due to better electrochemical

performance compared to other Ni-MOFs.

Keywords: Metal-organic frameworks; Supercapacitor; Ni-MOFs; Surface area;

Capacitance
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CHAPTER 1: INTRODUCTION

1.1 Background

Although energy is essential to human development, the global economy and ecology
have been severely impacted by the steady depletion of natural resources and the huge
consequences of the greenhouse effect. It is important to consider how to ensure sustainable
social and economic development considering the steadily declining ecological
environment. An increasing number of people are becoming interested in some renewable
energy sources, such as wind, solar, and tidal energy [1]. However, because they are
typically influenced by the season, region, and environment, these renewable energy
sources are frequently quite uncertain and unstable. The development of effective, reliable,
and ecologically friendly energy storage and conversion technologies should be
encouraged to maximize the usage of renewable energy sources. Researchers are trying to
create storage devices with high energy conversion to address the ever-increasing need for
inexpensive, clean energy [2]. In recent decades for more efficient energy storage devices
like batteries and capacitors a substantial amount of effort has been made and there has
been a symbolic upsurge in interest in adorning new technology. However, the low energy
density of traditional capacitors and the poor power density of batteries have hampered
their application in high-handed technologies, which gave rise to the concept of
supercapacitors [3]. Academia and Researchers in industry have been fascinated by
remarkable stability and efficiency exhibited by energy conversion and storage devices.
Consequently, significant challenges in the design and development of these systems

continue to be faced.

SCs (Supercapacitors) are environmentally friendly energy storage devices with a high-
power density and extended cycle life. They do, however, have a comparatively low energy
density. Increasing their capacitance and improving their capacities are necessary to
improve their energy density [4]. Because of their high-power density, supercapacitors are
employed in portable electronics and vehicles that run on them. Based on how they store

charge, they can be divided into two primary categories: electrochemical double-layer



capacitors (EDLCs) and pseudo capacitors. Whereas EDLCs use electrostatic processes to
store charge, pseudo capacitors use electrochemical reactions. The electrolyte's function in

these devices is essential to their functionality [5], [6].

Researchers’ interest in metal-organic frameworks (MOFs) has grown recently because
of their potential to form a variety of controlled porous structures, high specific surface
area, large number of active metal centers and good thermal stability which demonstrates
superior capacitance when utilized with the SCs electrode materials. MOFs are highly
organized crystalline solids formed through coordination of metal ions or metal clusters
self-assembling with organic ligands. MOFs' high porosity and tunable pore sizes have
made them popular in a change of domains, together with ion exchange [7], chemical
sensing [8], gas storage and separation [9] , catalysis [10] , and other applications.
Furthermore, advantaging from their rich porous structure and sizable specific area which
increase interaction with the electrolyte and reveal more redox active sites, MOFs can be
utilized as ions to take part in the Faraday reaction or as excellent electrode and have an

extensive range of potential use in energy storage materials [11].

Global attention has been drawn to MOF, which is well known for its many metals’ ion
core and organic ligand combinations. MOF has undergone more than a thousand
modifications since the first experimental report on the MOF structure, which concentrated
on copper or cobalt metal. By replacing the metal core with different first-row transition
metals such as Zn, Cd, Ni, Ni, Fe, Mg, Ca, Sr, or Ba, the subsequent MOFs have shown
that the structure can be manufactured easily and can provide new features and capabilities.
Bimetallic and trimetallic cores were eventually produced from single-metal cores after
years of material development. It has been discovered that the framework of the MOF can
be damaged by including different or identical metals in binary and ternary forms without
damaging the MOF's framework or crystal structure since these metals comprise the core
of the MOF structure .The synergistic insertion of multiple metals in MOFs has greatly
enhanced electrocatalysis through the reduction of energy barriers ,inclusion of multiple
redox active sites, and promotion of increased conductivity for batteries and

supercapacitors [12].



Furthermore, when used directly as electrode materials based on adding pseudo-
capacitive redox centers, the bare MOFs can offer more active sites and a porous structure,
encouraging fast ion transfer. Batteries, -electrochemical supercapacitors, and
electrocatalyst applications have all made substantial use of nanostructured materials
composed of metal oxides and metal sulfides and high connectivity MOFs can be designed
and synthesized [13]. Furthermore, a few papers in the literature have demonstrated that
ligand elongation can significantly enhance MOF surface area and pore diameters. Chaitali
R. Rawool et al. have synthesized Ni-BPDC by ultra-sonication method showing the
specific capacitance of 69 F g™ at 1 A g%, Nirmal Manyani et al. by hydrothermal method
have synthesized Ni-BTC showing the specific capacitance of 193.05 F gt at 1 A g, Chen
Zhang et al. have synthesized Ni-MOF/MWCNTSs with specific capacitance of 72.12 F g*
by hydrothermal method. Guoyong Xiao et al. have synthesized Zn-Ni (Melm). by
hydrothermal method showing the specific capacitance of 378 F g™ at 1 A g respective
[14-20]. Using this method, MOFs' supercapacitive characteristics can be altered by
creating MOFs with a different organic carboxylate link but the same metal core.

Due to their unique chemical and physical properties as well as their high Cs (specific
capacity/capacitance), which is frequently several times much better than that of materials
based on graphite/carbon, metal sulfides as possible electrode materials are currently being
investigated. However, the poor rate performance and cycling stability of these sulfide
electrodes prevent their use in practical applications. Building next-generation LIBs and
SCs is made possible by nanostructures that have favorable transport properties, upon
insertion/extraction high freedom for volume change, and other processes. These

nanostructures also have high surface-to-volume ratios [21].

Here, we developed a simple, affordable, and scalable solvothermal technique to
prepare five distinct sulphide-based Ni-MOFs, using five distinct linkers. The current study
compares each of these MOFs based on their particle size, surface area, electrochemical
conductivity, and structure analyzed by SEM, TEM, BET and XPS. The products can be
utilized directly as electrode materials once they are prepared. The Ni-PM MOF electrode
material exhibits the highest specific capacitance, energy density and largest surface area

among all the prepared Ni-MOFs electrode materials. This work not only offers a crucial



concept for producing high-performing Ni-MOFs but also provides a further understanding
about their structures and brief comparison of their properties because of different ligands

and metal sulfate used.
1.2 Problem Statement

The main problem with electrode materials for pseudo capacitors is their low specific
capacitance and Cyclic Stability, which limits the amount of energy that can be stored
overall and results in materials with poor performance and limited practical use.
Additionally, electrode materials often have poor cyclic stability, which degrades over time
with repeated charge discharge cycles, reducing the longevity and performance of the
device [22]. Furthermore, poor Kinetics for charge transfer reactions are exhibited by
certain electrode materials, which leads to slow charge-discharge rates and decreased
device efficiency overall. Additionally, certain promising materials are expensive and hard
to available, which makes it difficult for commercial pseudo capacitors to use them widely.
The development of electrode materials for pseudo capacitors is further complicated by
structural instability caused by volume expansion during cycling and environmental
concerns [23]. The longevity and reliability of supercapacitors are eventually impacted by
issues with the low conductivity, limited specific capacitance, and mechanical instability
of Ni-MOF based electrode materials [24]. Ni-MOF's low conductivity and low
electrochemical activity result in low specific capacitance and low power density when
used as an electrode material for supercapacitors.

1.3 Research Hypothesis

The incorporation of rare earth metals like Zirconium and lanthanum and transition
metal like Yttrium dopants into anatase TiO3, and its combination with composite materials
activated carbon and carbon nanotubes, hypothesized that these dopants would support
conductivity, improve specific capacitance, and alleviate structural degradation. By
introducing these Ni-MOFs, they predict a significant improvement in energy storage
capabilities and cycling lifetimes, surpassing those achievable with conventional Ni-MOF
based electrodes. Anticipate that this integration will further enhance conductivity,

improve charge transfer Kinetics, and support structural stability. Through systematic

4



experimentation and thorough electrochemical characterization, the target is to validate the
hypothesis and contribute insights into the design and fabrication of advanced

supercapacitor electrodes with superior performance and longevity
1.4 Research Objectives

The research conducted in this thesis mainly focuses on investigating and potentially
developed high-performance supercapacitor electrode materials. The key objectives are as

follows:

» To Synthesize Ni-MOFs that are both cost-effective and structurally stable.

» To obtain Electrode material with high energy and power density.
1.5 Scope of Study

Five different Ni-MOFs will be synthesized using various linkers as part of the project,
and their structural, morphological, and compositional characteristics will be characterized
using a range of analytical techniques. The study will assess the Ni-MOFs nanoparticles'
electrochemical performance as stand-alone supercapacitor electrode materials. This
entails evaluating rate capability, cyclic stability, and specific capacitance. Optimizing
these electrodes' composition and manufacturing parameters will be the main goal of the
project. This will entail evaluating energy storage capability and conductivity. The created
Ni-MOFs electrodes' respective performances will be compared. This will assist in
assessing the viability and efficiency of the suggested strategy for improving cycling lives
and energy storage capacities. Along with offering insights into the design and
manufacturing of sophisticated supercapacitor electrodes, the study will address the
difficulties of the findings and offer suggestions for possible future research directions,

including electrode topologies for even greater advancements



CHAPTER 2: LITERATURE REVIEW

2.1 Energy Storage Devices Overview

The need for efficient energy storage systems is growing as more and more green and
renewable energy sources are being used. Numerous studies have been conducted recently
to develop energy storage devices with high power densities, debilitated energy densities,
long-term cycle stability, and safe operation. These include batteries, fuel cells [24,25],
capacitors, and supercapacitors, the latter of which is of particular interest. One of the more
recent versions of electrochemical energy storage devices is the supercapacitor. Their
principles of operation and charge storage are more similar to those of rechargeable
batteries. They are a favored choice for future electrical energy storage due to their
outstanding performance. Supercapacitors and other energy storage devices, like batteries,
are being used more often. Therefore, it is believed that they could provide an
electrochemical energy storage technology alternative to commercially existing

rechargeable batteries, especially lithium-ion batteries [26].

Power Density (W/

1072 107* 10° 101 102 103 104
[ Energy Density (Wh/Kg)

Figure 2. 1 Comparison of Energy and Power Densities of Energy Storage Device [28]



2.1.1 Batteries

Batteries balance energy density and power density by storing energy through chemical
reactions.[29]. Many various applications, including electric cars and portable electronics,
commonly use them [30]. Among batteries, lithium-ion batteries are the most well-known.
Although adding solid state alternatives has enormous potential to increase energy and
power densities, more development is necessary to get over issues with lifetime, rapid
charging, and cost constraints [31]. During a Li-ion battery's discharge, Li+ moves via an
electrolyte toward the cathode, and during charging, it moves from the cathode to the
anode. Graphite anode and intercalated lithium compound (e.g., spinel LiMnO2, layered
oxide LiCoOg, polyanion LiFePOs, etc.) cathode comprise a typical lithium-ion battery.
Lithium salts LiClO4, LiPFe, LiBF4, and others are present in the electrolyte, which is a
non-aqueous organic solvent. Lithium-ion cells [32-34].

LITHIUM-ION BATTERY

DISCHARGE CHARGE
ELECTROLYTE ELECTROLYTE
SEPARATOR RS SEPARATOR ~—
CATHODE (+) CATHODE (+) [m
ALUMINIUM CURRENT ‘ ALUMINIUM CURRENT i SOAEEIOR

COLLECTOR ) : COLLECTOR :

_ { 628 8 ¢ — 5

e o g

Figure 2. 2 Working principle of Lithium-ion batteries [35]



2.2 Supercapacitors Overview

Supercapacitors, also known as ultracapacitors, are charge storage devices that are
superior to ordinary capacitors since they have a much lower voltage limit and a charge
storage capacity of more than 5 KF. When compared to other devices, supercapacitors
provide many advantages, including low cost, safe operation, notable power density values,
exceptional cycle performance, and quick charging and discharging rates. They have been
used in many different fields, such as power supply systems and electrical gadgets. The
one drawback is that supercapacitors have relatively low energy density values. One of the

two methods listed below could be used to resolve these problems:

i The development of high-specific capacitance electrode materials

ii. Expanding the voltage window through additional electrolyte selection [36-37].
2.3 Types of Supercapacitors

They are differentiated according to the mechanism of storing energy:

. Electrostatic double-layer capacitors
ii. Pseudo-capacitors

iii.  Hybrid-capacitors

2.3.1 Electrochemical Double Layer Capacitors (EDLCs)

At the intersection of the electrode and electrolyte, a bilayer of electric charges is
formed. Energy storage is caused by this phenomenon. Supercapacitor electrodes of the
EDLC type include graphene, carbon aerogel, carbon nanotubes, AC, and others. As seen
in Figure 1.4, the charging accumulator of a two-plate EDLC capacitor is situated at the
interface between the electrode and the electrolyte. One can see this simply examining the
diagram. The external circuit is used to move electrons from the negative electrode to the
positive electrode during the charging process. The precise mechanism that attracts the
electrolyte's cations and anions to match oppositely charged electrodes is unknown. During

discharge, the motions of the electrons and ions counteract each other.
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Figure 2. 3 Schematic illustration of how pseudo capacitor’s function [38]

When compared to other capacitors, the formation of a Helmholtz electric bilayer
causes the charge to be stored and separated extremely little [39]. On the outside of
electrodes, charges build up when a voltage is applied to excite the cell. lons of the
electrolyte collect at the interface of oppositely charged electrodes because of the attraction
between opposite charges caused by this potential difference. This causes a bilayer to form
at the electrode-conducting solution junction. The electrolyte's oppositely charged ions
diffuse onto the electrode surface after passing through the separator to balance this mixture
[40].

2.3.2 Pseudo-Capacitors

Pseudo capacitors store energy through electron transport between the active electrode
material and oxidation reduction processes. Transitional metal oxides (TMQOs) such as
RuO2, Mn203, and nickel oxide, as well as conducting polymers like PEDOT and
polypyrrole PPy, are the components of a pseudo capacitor. These species' redox transitions
and oxidation reduction processes are what give pseudo capacitors their capacity to store
charge. Most of the supercapacitor rescinding is made up of pseudo capacitors. The
behavior of pseudo capacitors is like that of batteries. These capacitors experience faradic
reactions, much like regular batteries, and the electrochemical charge transfer is what
causes the capacitance. Like batteries, pseudo capacitors also undergo intercalation and

deintercalation of charges; however, the electrolyte's utilization increases power density



efficiency [41]. They are the perfect option for energy storage devices because they are
less expensive and have a higher energy density than EDLCs. However, they also have low
power densities and low cycle stability because of the reversible faradaic processes, exactly
like batteries. Carbon materials, which have exceptional power densities and amazing cycle
stability, are paired with pseudo capacitor-based electrode materials to address this
problem [42].

Solvated
cations

+ ++ + + o+

Polarized
solvent
molecules

Collector

Specifically
adsorbed ions
(redox ions)

e Separator

| Inner Helmholtz plane

Figure 2. 4 Schematic diagram of working of pseudo capacitors.[43]

2.3.3 Hybrid Capacitors

These capacitors benefit from the characteristics of EDLCs and pseudo capacitors.
Charge is stored in these capacitors because of redox processes and the development of an
electric double layer. It is feasible to create a supercapacitor with capacitor-like
characteristics (such as notable energy and power density values) and cyclic stability by
combining the right electrode materials. Based on electrode designs, three different kinds

of hybrid capacitors have recently been the subject of research. These include [44].

i.  Battery type hybrids
ii.  Composites hybrids

iii.  Asymmetric hybrids

10



2.4 Electrode Material

The properties and electrochemical behaviors of supercapacitors are dependent on the
electrode material. Therefore, materials for electrodes for supercapacitors have been
divided into three main types [45,46].

i. Conducting Polymers
ii. Carbon materials

iii. Metal oxides

iv. Metal hydroxides

V. Nanostructures

2.4.1 Carbon Material

Electrochemical double layer capacitors are made with this. Charge is stored in EDLCs
due to the formation of a bilayer at the interface between the electrode and conducting
fluid. Because the method creates an electric bilayer, a material's surface property, a
material utilized to create EDLC-type supercapacitors needs to have a large surface area.
Materials made of carbon have a great conductivity, good mechanical stability, and a big
surface area. They are therefore a perfect option for EDLC electrode materials. Carbon
aerogel is the most common carbon material used in supercapacitors [45], graphene [46],
activated carbon [47] carbon nanotubes [48], carbon nanosheets [49], etc. Although
carbon-based electrode materials offer superior power density and stability, there is a little
disadvantage. The primary issue with supercapacitors is their low energy densities, which
arise from the surface process used for charge storage in these materials. This might be
fixed, though, by combining carbon-based materials with other kinds of materials, such as
conducting polymers or metal oxides, which would offer an effective power density. These

kinds of electrode materials are referred to as composites or hybrids [50].

11
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Figure 2. 5 Classification of electrode materials for supercapacitors [51]

2.4.2 Conducting Polymers

These are yet another class of materials that show promise for usage as electrodes in
pseudo capacitors. Because of their quick and reversible redox changes, they exhibit
pseudocapacitive behavior. Compared to carbon-based electrode materials, which have
charge processes that affect the entire polymer mass in addition to the surface, they have
superior conductivity and high capacitance values. Additionally, these materials often have
quick charge-discharge processes [52]. They are also reasonably priced, which makes them
a great option for supercapacitor electrode materials. PANI (polyaniline) is one of the most
widely utilized conducting polymers [53], PEDOT (polyethylene dioxythiophene) [54],
PPy (Polypyrrole) [55], PPP (poly paraphenylene) [56], and PTh (polythiophene) [57], etc.
Chemical polymerization or electrochemical oxidation are the two methods used to create

them. However, the phenomenon of swelling (during insertion) and shrinkage (during

12



disinsertion) of fibers during the charge discharge process causes mechanical stress in the
polymer structure, which results in low cycle stability. Combining them with carbon-based
materials, such as carbon nanotubes (CNTs) or graphene nanoplatelets (GNP), resolves this
problem [58].

2.4.3 Transition metal Oxides

Rapid oxidation-reduction reactions cause this kind to exhibit pseudocapacitive
behavior. Supercapacitors with high power densities can be made using metal oxide-based
electrode materials since they have low resistance and high specific capacitance. Several
oxidation states are present in transition metals. By altering their oxidation states during
oxidation reduction reactions, they have a larger capacity to store charge. The crystal
lattices of metal oxides are another factor contributing to their high specific capacitance.
Since their crystalline forms increase conductivity, electrode materials based on metal
oxides exhibit effective super capacitive performance. Various TMOs have been tested by
researchers for making pseudo capacitors e.g., RuO2 [72], NiO [73], MnzO4 [74], TiO2 [59-
62], Fe304 [63], C0304 [64],[65], M0Os3 [66], MnO2 [67], IrO2 [68], C0203 [69] and MoO4
[70] etc. RuO2 has shown itself to be the most effective of these materials for supercapacitor
electrodes. It provides outstanding cycle stability along with a high specific capacitance.
However, employing RuO- is not cost-effective because it is a rare and expensive transition
metal [71], [72]. As a result, attempts are underway to move toward affordable transition
metal oxides that perform on par with RuO.. Because of their exceptional qualities, binary
metal oxides, particularly those of nickel and manganese have attracted the most attention
in this context [73].

2.5 Electrolytes used for Supercapacitors

The type of electrode material used has a major impact on the performance of super
capacitors. It is crucial to choose the appropriate electrolyte and an electrode material with
a large surface area [74],[75]. Metal oxides, conducting polymers, graphene, carbon
nanotubes, and activated carbon make up much of the supercapacitor electrode. Carbon

nanostructures have been the primary focus of recent studies on electrolyte materials.
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However, materials are based on graphene. Supercapacitors employ either liquid or solid

electrolytes [76].
2.6 Different techniques for analyzing the behavior of Supercapacitors

The following are some of the techniques used to study the electrochemical behavior

of supercapacitors.
2.6.1 Cyclic Voltammetry (CV)

Cyclic voltammetry is a technique that can be used to understand the specific
capacitance of various materials. In addition to these, other electrochemical characteristics
can be assessed, such as the electrode's electrochemically active surface area, diffusion
coefficient, etc. Three electrodes—a working electrode, a Pt wire, and a silver electrode—
are used to record cyclic voltammetry profiles. Additionally, suitable electrolyte is utilized.
Various sweep rates are used to record CV profiles. The curve's shape indicates the type of
supercapacitor; for instance, EDLCs produce a flawless rectangular CV curve, but pseudo
capacitors show noticeable oxidation and reduction peaks. The capacitance can be
calculated using the area under the curve. When the scan rate drops, the capacitance
(specific) value of various materials rises [77,78].

2.6.2 Galvanostatic Charge-Discharge (GCD)

This method is used to assess the prepared electrodes' cyclic stability and to investigate
the charge and discharge behavior of the electrodes. A working electrode, a Pt wire, and a
silver electrode make up the electrode system in which it is also carried out. Additionally,
a suitable electrolyte was utilized. Like cyclic voltammetry, the form of GCD curves
indicates the kind of supercapacitors and how they behave. For example, the GCD curves
for electrochemical double layer capacitors are symmetric and shaped like a perfect
triangle. The oxidative-reductive behavior of the materials used for the pseudo capacitor
electrodes, however, causes the curves in the case of pseudo capacitors to be asymmetric.
GCD curves are captured at various current density values. To evaluate capacitance, the
discharge time is necessary. It is also possible to examine the cyclic stability of electrode
materials using the chronopotentiometry approach. To do this, the chronopotentiometry
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approach is run for a few cycles at a given current density, and the capacitance retention

for those cycles is then calculated [79,80].
2.6.3 Electrochemical Impedance Spectroscopy (EIS)

It is employed in the research of intrinsic qualities. In this instance, Nyquist plots with
a frequency range from higher to lower are drawn between Zimg and Zreal in either acidic
or alkaline conditions. The values of Warburg impedance, charge transfer resistance, ohmic
resistance, and other parameters are then determined using the figure. A superior
supercapacitor electrode material should have low charge transfer resistance and ohmic

resistance values [81-84].
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CHAPTER 3: REVIEW ON EXPERIMENTATION METHODS

AND CHARACTERIZATION TECHNIQUES

3.1 Synthesis Method

In disciplines like organic chemistry, materials science, and medicines, the ability to
synthesize molecules from simpler components is crucial. Important methods include
cyclization (e.g., Diels-Alder reaction), cross-coupling (e.g., Suzuki coupling), addition
reactions (e.g., hydrogenation), elimination reactions (e.g., dehydrohalogenation),
substitution reactions (e.g., SN1 and SN2), and functional group interconversion (e.g.,
alcohols to ketones). Solid-state synthesis, the sol-gel process, hydrothermal synthesis,
chemical vapor deposition (CVD), and precipitation processes are examples of inorganic
synthesis techniques. The material is synthesized in the current work using a hydrothermal
technique.

3.1.1 Hydrothermal synthesis route

In a sealed container called an autoclave or hydrothermal reactor, hydrothermal
synthesis is a flexible technique used to create a wide range of materials, such as
nanoparticles, ceramics, and crystalline compounds. Reactants, usually metal salts, metal
oxides, or organic compounds, are dissolved in water or another appropriate solvent to start
the process. After that, the solution is put into the autoclave, where it is heated to high
pressures and temperatures—usually between 100°C and 300°C—to create a regulated
environment that promotes quick nucleation and growth. Particle size, shape, and
crystallinity can all be precisely controlled as the reaction progresses over time, usually
from hours to days. After finishing, the autoclave is cooled gradually, and the synthesized
material is extracted from the solution—usually after contaminants have been washed off.
Because of its ease of use, affordability, and environmental friendliness, hydrothermal
synthesis is a popular technique in disciplines like environmental science, materials

science, and nanotechnology for customizing the characteristics of functional materials for
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uses [85]. For the analysis and characterization of materials the following techniques were

used:

1.

2.

3.

XRD (X-ray diffraction)

SEM (Scanning electron microscopy)

EDX (Elemental dispersive x-ray spectroscopy)
XPS (X-ray photoelectron spectroscopy)

FTIR (Fourier Transform Infrared Spectroscopy)
RAMAN spectroscopy

Brunauer-Emmett-Teller (BET) and pore size using Barret-Joyner-
Halinda (BJH)

The materials' electrochemical characteristics and suitability for charge-discharge

applications in supercapacitors were investigated. These are the primary electrochemical

methods.

1.

2.

3.

CV (Cyclic Voltammetry)
GCD (Galvanostatic charge-discharge)

EIS (Electrochemical impedance Spectroscopy)

3.2 Characterization technique
3.2.1 X-Ray Diffraction (XRD)

Since it provides information about the material's shape, composition, and crystallite

size, X-ray diffraction, or XRD, is a crucial tool for material characterization. To complete

the process, the X-ray radiation must be sent through the material at an angle. The

measurement of the diffraction angle and intensity, which yields details about the structural

morphology of the material under investigation, is the next step. Regarding crystalline

materials, X-rays can exhibit two distinct behaviors in X-ray diffraction (XRD) patterns:

as particles and as waves.
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Identifying and characterizing materials based on their X-ray diffraction patterns is the
primary goal of the technique being used. They make use of this technology. Diffraction is
the term for the phenomena that occurs when a monochromatic X-ray beam strikes a
substance. The Law of Bragg governs this phenomenon. Both constructive and destructive
interference are features of crystalline structures. The atoms that make up the material are

the source of this disturbance.

n (A) = 2d Sin () (3.1)

Incident Scattered
beam beam

nA=2dsin @ ﬁ

Atomic planes

Figure 3. 1 Bragg’s Law [86]

The arrangement of the atoms inside the crystal lattice affects the intensity of the
diffracted waves, and the size and shape of the unit cell in the material dictates the potential
directions of diffraction. Numerous small crystallites organized in different orientations
make up a wide spectrum of materials. These crystallites are known as aggregate or

polycrystalline powder. Anytime an X-ray beam strikes a material, it interacts with every
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available interatomic plane. By changing the experimental angle, this interaction enables

the identification of every diffraction peak.
3.2.2 Scanning Electron Microscopy (SEM)

A high-energy electron beam is used in scanning electron microscopy (SEM) to
produce a range of signals on an object's solid surface. These electrons can travel through
the substance and come out on the other side, as seen in Figure 3.2. The material's
crystalline structure, surface appearance, material orientation, and chemical makeup can
all be inferred from the interactions that occur between the electron beam and the sample.
Usually, the SEM produces two-dimensional images that show spatial variations in the

material's surface characteristics.

The basic scanning electron microscope (SEM) technology can differentiate between
areas that are between 1 cm and 5 microns in size with magnifications ranging from 20X
to 30,000X and a three-dimensional resolution of 50 to 100 nm. This method is particularly
useful for studying crystalline structures, determining crystal orientations (EBSD), and
performing semi-quantitative or qualitative studies of chemical components (EDS). In
terms of both architecture and function, this scanning electron microscope (SEM) is similar
to EPMA and can perform specific region or point location examinations on samples [87].
It works by using electromagnetic lenses and apertures to steer a concentrated beam of
high-energy electrons at the sample from an electron cannon. The sample surface is
scanned in a raster pattern by the tightly focused electron beam. The beam produces a
variety of signals, including as characteristic X-rays, backscattered electrons (BSE), and
secondary electrons (SE), as it interacts with the atoms in the sample. While backscattered
electrons, which are reflected off the sample, provide compositional contrast because of
their sensitivity to changes in atomic number, secondary electrons, which are expelled from
the outer shells of atoms, provide high-resolution pictures of surface topography. With
Energy Dispersive X-ray Spectroscopy (EDS), elemental analysis is made possible by
characteristic X-rays that are released when electrons in the sample atoms change energy

levels.
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These signals are picked up by detectors in the SEM and processed to create detailed
images with pixel intensities that correspond to signal strength. While certain versions
provide low vacuum or variable pressure operation for non-conductive or hydrated
samples, SEM functions under high vacuum settings to shield the electron source from
electron scattering by air molecules. SEM's versatility makes it useful in many different
sectors, such as biology for investigating cellular morphology, material science for
analyzing microstructures, semiconductor inspection, forensic investigations, and

nanotechnology for describing nanomaterials and structures.
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Figure 3. 2 Illustration of how SEM works [88]
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3.2.3 Energy Dispersive X-ray Spectroscopy (EDX)

EDX is an effective method for elemental analysis that enables the quantification of
elements in nanoparticles. It gives counts of elements at certain points in time rather than
total numbers. To investigate nanostructures, EDX is commonly employed in combination
with SEM or TEM. When EDX was first released as a commercial product at the start of
the 1970s, it swiftly overtook WDS in popularity. The sensor's simple structure, which
lacks any moving parts like the rotation detector employed by WDS, allows it to
concurrently record X-ray energy signals from every constituent in a sample. As a result,

the sensor can do analysis faster.

As a result, the sensor can do analysis faster. In comparison to WDS, EDX has a
somewhat lower energy dispersion resolution, ranging from 150 to 200 eV. The lightest
visible element is not carbon (C, atomic number 6), but rather oxygen (O, atomic number
8). Nevertheless, the benefits of lower expenses and quicker analysis more than offset these
disadvantages.[89]. The EDX spectrum, which spans 0.1 to 10-20 keV, shows both light
and heavy elements due to the existence of visible M or L lines of heavy elements and K
lines of light elements.
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Figure 3. 3 Illustration of working principle of EDX [90]

3.2.4 Electron Spectroscopy using X-rays (XPS)

Surface analysis, or XPS for short, is a method used to determine the chemical makeup
of different materials. A sample's surface is bombarded with X-rays, which causes the
atoms there to release electrons known as photoelectrons. This is what allows the
instrument to work. The properties of these photoelectrons are then ascertained by
analyzing their kinetic energy and emission angles. Usually, the X-ray beam's energy is set
to be higher than the electrons' binding energy in the sample's valence band. A positively
charged ion can be created when X-ray photons expel one electron from the valence band

through the process of absorption.

The electronic structure of the atom, including its chemical composition and bond state,
can be determined by measuring the kinetic energy of these emitted photoelectrons using
an electron analyzer. Elements inside a sample, along with their oxidation states and
chemical environments, can be determined using XPS. Because of its high sensitivity, it
can identify even the smallest contaminants or pollutants on surfaces. XPS is widely used
in many different domains, such as materials science, surface chemistry, and

semiconductor research, to characterize the surfaces of different materials [91]. The kinds
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of samples that can be examined may be limited by the fact that XPS only analyzes the
surface layers and necessitates high vacuum conditions, although offering extremely
sensitive and quantitative surface analysis. Notwithstanding these drawbacks, XPS is
nevertheless a potent instrument for in-depth surface characterization in material science,

chemistry, and engineering.

In the top 1-10 nanometers of the surface, the resulting spectrum shows peaks that
correspond to various binding energies, giving quantitative information about the
elemental composition and chemical states of the elements.
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Figure 3. 4 Working Principle of Electron Spectroscopy using X-rays [92]
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3.3 Electrochemical Techniques

After preparation of slurry and 30 minutes sonication at room temperature, the nickel-
based electrode is put through electrochemical testing. The electrochemical workstation
for supercapacitors uses three main techniques:

I. Cyclic Voltammetry (CV)
ii. Chronopotentiometry Measurements
iii. Electrochemical Impedance

Spectroscopy (EIS)
3.3.1 Voltammetry in Cycles

Cyclic voltammetry is a widely used electrochemical technique for analyzing the redox
reactions of molecules. It is crucial for researching chemical reactions that are started by
electron transport, such catalysis. This approach involves exposing two electrodes in the
workstation to a certain range of potentials during a cycle. Parameters such as scan rate,
sample interval, and sensitivity are changed for each run; a cycle has two halves. CV
clarifies the relationship between current and voltage. The three-electrode system used in
a beaker cell for this test consists of glassy carbon electrodes, Ag/AgCl electrodes, and
platinum wire [93].

3.3.2 Chronopotentiometry

Chronopotentiometry is an analytical method in which the electroactive material
steadily decreases because of electrodes experiencing a constant current flow. Compared
to coulometric titrimetric and constant-current coulometry, this method uses a larger
current, which quickly reduces the necessary current efficiency for material reduction to

less than 100% in a couple of seconds.
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3.3.3 Impedance Spectroscopy Electrochemical (EIS)

EIS is used to quantify the system's resistivity, which encompasses electrolyte
resistance, ohmic loss, and activation losses. Electrical resistance is a measurement of a

circuit element's resistance to current flow.
R=E1 (3.2)

According to Ohm's Law, resistance (R) can be calculated by dividing the voltage (E)
by the current (I). Any range of current and voltage can be subject to this law, which is

frequency independent. In a perfect resistor, the AC current and voltage are in phase.
3.4 Parameters of Electrochemistry

A supercapacitor's effectiveness must be assessed by looking at its energy and power
densities. The two primary techniques for formula-based determination of these densities

are cyclic voltammetry (CV) and chronopotentiometry:

The Cs (specific capacitance) (F g*) can be determined using cyclic voltammetry:
Cs(Fgl)= A2mK(AV) (3.3)

In this instance, m represents mass, on the scan rate used for the analysis, and V the voltage
window of the procedure. The integral area of CV curves is represented by f1dV.

Es = (Cs AV?) /2 X 3.6 (3.4)

Here, Es represents energy density. The power density is calculated as,

Py = 3600 Es/At (3.5)

Here, Pq represents the power density that can be achieved by a supercapacitor.
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CHAPTER 4: METHODOLOGY

4.1 Materials

All chemical reagents utilized were of analytical quality and don't require additional
purification before usage. Nickle Sulphate hexahydrate (NiSO4. 6H20, purity > 99%),
Benzene-1,3,5-tricarboxylic acid (CoHeOs, HsBTC, purity > 99%), Benzene-1,4-
dicarboxylate (CsHesOs, HoBDC, purity > 99%), 2-Methylimidazole (CsHeN2, MEIM,
purity > 99%), 1,10-phenanthroline monohydrate (C12H10N20O, Phen, purity > 99%),
Polyethylene glycol (H-(OCH2CH2)n OH, PEG, purity > 99%) were all chemicals used in
this synthesis process, purchased from Sigma Aldrich. Ethanol (EtOH) and N, N
Dimethylformamide (DMF) were used as solvent, also procured from Sigma Aldrich
(purity > 99%).

4.2 Methodology

Briefly, the Ni-MOFs were all prepared through simple solvothermal methods. For
the synthesis of Ni-PMpwr), the first solution was made by dissolving NiSO4.6H.0
(0.394 g, 1.5mmol) in 60 mL of DMF and stirred for 30 minutes while the second
solution contained 1,10-phenanthroline monohydrate (0.270 g, 1.5 mmol) in 60 mL
DMF also stirred for 30 minutes. After being stirred the homogenous solutions were
mixed by first solution poured into second solution into 120 mL Autoclave with a Teflon
lining and heated at 180 °C for 12 h. After cooling to room temperature, the resultant
grey precipitates were accumulated by centrifugation, washed with DMF and ethanol
three times, and then dried at 80 °C for 12 h. Similarly, Ni-BDCpwmr), (0.249 g, 1.5 mmol)
(black), Ni-MEIMwmr) (0.123 g, 1.5 mmol) (grey), Ni-BTCowmr) (0.294 g, 1.5 mmol)
(light green) and Ni-PEGpwmr) (3.964 g, 1.5 mmol) (dark gray ) were synthesized using
the same procedure while taking NiSO4.6H>O (0.394 g, 1.5mmol). The schematic

synthesis procedure was shown in Figure 4.1.
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Figure 4. 1 Schematic diagram for the synthesis Ni-MOFs

4.3 Synthesis of post cycled electrodes for testing

The produced materials' structural changes were investigated using ex-situ XRD and
SEM examinations. An X-ray diffractometer was used to analyze the material's phase
crystallinity, and a scanning electron microscope was used to evaluate the cycled

electrodes' morphology.
4.3.1 Preparation of working electrode

A homogenous slurry was prepared by combining 80 pl ethanol, 20 pl of binder (5%
Nafion per solution of fluorinated resin solution), and 2 mg active ingredient while
sonicated for half hour. Using a micropipette, drop of 1.5 ul on glassy carbon was cast and
to prepare a functional electrode at room temperature was dried 5-10 minutes. For all
electrodes in this case in electrochemical measurements, the mass loading was

approximately about 2 mg.
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Figure 4. 2 Schematic diagram for the preparation of working electrodes

4.4 Electrochemical Studies

Electrochemical testing of the prepared electrodes was executed using CH Instruments'
Electrochemical Workstation 660E. Three-electrode cell types were used for cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), and electrochemical
impedance spectroscopy (EIS). The reference electrode in the three-electrode setup was
Ag/AgCl, while glassy carbon served as the working electrode's substrate and platinum
wire as the counter electrode. Aqueous electrolyte of 3 M KOH was employed in the
experiment. A homogenous slurry was prepared by combining 80 pl ethanol, 20 ul of
binder (5% Nafion per solution of fluorinated resin solution), and 2 mg active ingredient
while sonicated for half hour. Using a micropipette, drop of 1.5 ul on glassy carbon was
cast and to prepare a functional electrode at room temperature was dried 5-10 minutes.
Electrochemical testing of all the electrodes in electrolyte was done within the potential
window of - 0.5V — 0.55V.

It was estimated that the mass loading for each electrode was 2 mg. CV profiles were
seen at different scan speeds of 5, 10, 30, 70, and 100 mV/s, within a potential range of -
0.5 to 0.55 V. Chronopotentiometry was used to obtain GCD curves at different current
densities of 0.5, 0.7, 1, 2, and 3A/g within the same potential window. Nyquist graphs were
produced using EIS with an amplitude of 0.005 V over a frequency range of 1 Hz to 1 M.
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CHAPTER 5:

5.1 X-ray diffraction (XRD)

RESULTS AND DISCUSSION

The prepared Ni-MOEF’s crystallinity and phase purity is confirmed by the XRD

analysis findings. According to Figure 5.1, five different Ni-MOFs that were synthesized

had discrete peaks ranging from 5° to 80°. The peaks of Nickle Phenanthroline
monohydrate MOF (Ni-PM MOF) at 26 of 7.21°, 10.62°, 11.87°, 15.5°, 21.79°, 27.3°,
31.54°, 44.45°, 51.94°, 56.36°, and 76.3° correspond to the typical diffraction patterns of
Ni-MOF-74, ZIF-8 XRD and JCPDS 00-062-1030 [94-96]. Similarly, all other synthesized
Ni- MOFs depict the same diffraction pattern as shown by Ni-PM MOF at same theta

values with difference in intensity.

Table 5. 1 XRD parameters achieved for all prepared electrodes

Sample 20 d(nm) FWHM® Average
Crystallite size (nm)

Ni-PM MOF 7.23, 31.51, 12.21, 2.83, 0.613, 0.376, 215
44.45 2.03 0.413

Ni-BDC 7.25, 31.53, 12.18, 2.83, 0.418, 0.348, 23.2

MOF 44.45 2.03 0.409

Ni-MEIM 7.27,31.51, 12.14,2.83,2.03 0.354,0.331, 25.3

MOF 44 .47 0.429

Ni-BTC 7.19, 31.41, 12.28, 2.84,2.03 0.492, 0.324, 26

MOF 44.45 0.323

Ni-PEG MOF 7.27,31.41, 44.45 12.28, 2.84, 0.348, 0.324, 29

2.03 0.323

Some parameters of all the prepared electrodes in Table 5.1 are enlisted. Average

crystal size was found by Debye Scherrer formula given in Equation .10 showing the
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average crystallite size of 21.5 nm, 23.2 nm ,25.3 nm, 26 nm and 29 nm by Ni-PM, Ni-
BDC, Ni-MEIM, Ni-BTC and Ni-PEG MOF.
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Figure 5. 1 XRD pattern of Ni-PM MOF, Ni-BDC MOF, Ni-MEIM MOF, Ni-BTC MOF

and Ni-PEG MOF

5.2 Scanning Electron Microscopy

For the study of morphological characteristics of all the prepared electrodes, SEM
analysis has been performed. In Figure 5.2(a-e), the surface morphology of all the prepared
Ni-MOFS demonstrates diverse nanostructures with complex mesoporous networks of
pores and channels in good agreement with the mesoporous size distribution given by N
adsorption-desorption isotherms. However, it was not possible to discern the discrete
crystal units’ size as the agglomerates of fused crystals were observed. In Figure 5.2 (a)

Ni-PM MOF appears to have a rough, porous structure representing crumpled or flaky
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morphology with high surface area. Figure 5.2(b) Ni-BDC MOF shows granular
morphology composed of small individual particles. Figure 5.2(c) Ni-MEIM MOF shows
nanoflower morphology with nanosheets stacked like flower petals. Figure 5.2(d) Ni-BTC
MOF displays cloudy, interconnected structure representing fluffy or sponge-like
morphology and Figure 5.2(e) Ni-PEG MOF appears as aggregated or clustered particles
with rough morphology.

500 nm 500 nm

500 nm v 500 nm

Figure 5. 2 SEM images; Ni-PM MOF (a), Ni-BDC MOF (b), Ni-MEIM MOF (c), Ni-

BTC MOF (d), Ni-PEG MOF (e)

5.3 Elemental dispersive x-ray spectroscopy (EDX)

The presence of expected elements on the surface of all the prepared electrode’s
material has been confirmed by EDX analysis. EDX mapping in addition to EDX spectra
of the prepared samples presented in Figure 5.3 (a, ¢) which shows the presence of Ni, O,
N and C where the prepared samples' primary constituents’ carbon and metal can be seen.
The small amount of N that was visible may have come from the DMF solvent when DMF

molecules were added to the Ni-MOFs that were prepared.
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Figure 5. 3 (a, b, c) EDX mapping of Ni-PM MOF

5.4 Transmission Electron microscopy (TEM)

Figure 5.4(a) presents the image of TEM showing a high-resolution structural analysis
of the best performing Ni-PM MOF. TEM analysis revealed agglomerated structure
indicating that the material has rough, porous structure with multiple grains of various sizes
and shapes, with some areas appearing lighter indicating the presence of carbon and darker
(denser) arange of sizes of randomly scattered metal nanoparticles corresponding well with
the SEM image of Ni-PM MOF in Figure 5.2(a). Figure 5.4(b, c) represents an enlarged
view along with the live profile. The identified lattice fringes with interplanar spacing d =
0.28 nm and 0.21 nm confirms the crystalline nature of the material, corresponds well to
the interplanar spacing of Ni-PM MOF, and matched well with the corresponding

diffraction data from XRD given in Figure 5.1.
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Figure 5. 4 (a, b) TEM image and (c) live profile of Ni-PM MOF

5.5 X-ray photoelectron spectroscopy (XPS)

The electron structure and elemental composition of the best sample as-prepared Ni-
PM MOF is further characterized by XPS (X-ray photoelectron spectroscopy)
measurements. The elements Ni, O, C and N were evidently detected by deconvoluted high
resolution XPS spectra, as shown in Figure 5.5. Survey spectrum of Ni-PM MOF is
presented in Figure 5.5(a). Ni**and Ni®* spectra shown in Figure 5.5(b), showing two
shake-up satellites and the fitting peaks at 855.6 eV and 872.9 eV correspond to Ni 2pz.2
and Ni 2p¥% indicating the presence of Ni*?, whereas the peaks at 856.3 eV and 874.3 eV
corresponds to Ni 2pszand Ni 2p¥2 indicating the presence of Ni*3. Also, two additional
strong shakeup-type peaks at 861.2 and 879.7 eV are Ni 2ps2and Ni 2p¥%2 satellite peaks of
nickel [97-100]. Similarly, as illustrated in Figure 5.5(c) the O1s spectra deconvoluted into
three peaks each centered at 531.2 eV, 531.5 eV and 532.5eV [101-103]. These peaks are
ascribed to the lattice hydroxyl groups, the C—O and C=0 bonds separately. Figure 5.5(d)
shows the deconvoluted C1s peaks with binding energies of 284.4 eV, 284.7 eV, and 285.5
eV corresponding to the C=C, C-C, and C-N bonds respectively [104-106]. Figure 5.5 (g)
shows the N1s spectra of the sample. N1s spectra showed four deconvoluted peaks with
binding energies of 398.8 eV,399.1 eV, 401.1 eV, and 401.6 eV representing C=N-C, C=N,
N-H, and C-NH2 [107-109].
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Figure 5. 5 (a) XPS survey spectra of Ni-PM MOF, (b-e) deconvoluted XPS spectrum of

Ni-PM MOF for Ni 2p, O1s, C1s and N1s.

5.6 Fourier Transform Infrared Spectroscopy (FTIR)

Figure 5.6(a) shows the FTIR spectra of five powdered Ni-MOFs. For Ni-MOFs, the
peak indicating stretching vibrations of the O-H group are shown by Ni-PEG, Ni-BTC, and
Ni-BDC MOF and N-H bond by Ni-MEIM and Ni-PM MOF at 3411 cm™. Furthermore,
the C-H stretching bond present in the Ni-based materials is demonstrated by the peak for
all synthesized Ni-MOFs at 2774 cm™ respectively. The peak at 1634 cm™ was attributed
to O-H bending vibrations in Ni-PEG MOF, C=0 in Ni-BTC and Ni-BDC MOF, and C=N
in Ni-MEIM and Ni-PM MOF. The peak at 1468 cm™ was assigned to C-H bending
vibrations in Ni-PEG MOF and C=C stretching vibrations in Ni-BTC, Ni-BDC, Ni-MEIM,
and Ni-PM MOF. The peaks in the range of 1233-1080 cm™ are attributed to C-O
stretching vibrations in Ni-PEG, Ni-BTC, Ni-BDC MOF, and C-N bond in Ni-MEIM and
Ni-PM MOF. Similarly, the peaks at 862, 758, and 630 cm™ represent the C-H bending
vibration of linkers in synthesized Ni-MOFs. The peak at 483 cm™ represents the stretching
vibrational mode of Ni-O bond in Ni-PEG, Ni-BTC, Ni-BDC, and Ni-N bond in Ni-MEIM

and Ni-PM MOF. These results provide strong support for the successful synthesis of Ni-
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MOFs by the presence of expected functional groups or bonds aligned with the expected

molecular structure [110-113].
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Figure 5. 6 (a) FTIR and (b) Raman spectroscopy of Ni-PM MOF, Ni-BDC MOF, Ni-

MEIM MOF, Ni-BTC MOF and Ni-PEG MOF.

5.7 Raman Spectroscopy

The prepared samples Ni-PM MOF, Ni-BDC MOF, Ni-MEIM MOF, Ni-BTC MOF,
and Ni-PEG MOF contained carbon confirmed by Raman spectroscopy. The ID/IG ratio,
where ID is the D-band intensity and IG is the G-band intensity, is used to calculate the
graphitization level. The synthetic five Ni-MOFs' Raman spectra are displayed in Figure
5.6(b), where two strong D (disorder induced) and G (graphitic) bands can be seen. These
bands are situated approximately between 1276 cm™ and 1382 cm™ showing the ligands
C-C inter ring stretch at 1276 cm™ and stretching in a coordinated C-O symmetry at 1382
cm in line with the literature [114]. Additionally, the prepared electrodes ID/IG ratio
based on the data is calculated to be 0.18 for Ni-PM, Ni-MEIM, Ni-BTC MOF, and 0.17
for Ni-BDC, Ni-PEG MOF. More graphitic or sp. carbon structure which is commonly
associated with fewer structural defects and more crystallinity, is indicated by a low Ip/l
ratio. One of the factors contributing to good specific capacitance is improved electrical
conductivity, which is facilitated by a higher degree of graphitic carbon.
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5.8 Brunauer-Emmet-Teller (BET) analysis

To analyze the surface area and pore radius of synthesized electrode materials, N>
adsorption-desorption isotherms were studied as depicted in Figure 5.8. The mesoporous
structures are confirmed by the type IV isotherms that each electrode displayed in Figure
5.8(a), which included a characteristic hysteresis loop [115]. Table.1 provides a summary
of the BET outcomes. Among all the prepared electrodes, Ni-PM MOF has the largest
surface area (24.387 m? g1), whereas Ni-PEG MOF has the lowest surface area (2.07 m?
g1). When compared to all other prepared electrodes, as described and illustrated in Table
5.2, the derived Ni-PM MOF supercapacitor electrode's specific capacitance increased

significantly due to an increase in surface area.
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Figure 5. 7 (a, b) BET isotherm and Pore radius distribution of Ni-PM MOF, Ni-BDC

MOF, Ni-MEIM MOF, Ni-BTC MOF and Ni-PEG MOF

From BJH adsorption method the pore radius is determined shown in Figure 5.7 (b).
It displays a typical mesoporous material's average pore radius between 3 and 50 nm.
Improved electron and ion transfer at the electrode-electrolyte interface is dependent on
the mesoporous structure of the prepared electrodes, which also provides an abundance of

active sites for quick electrochemical reactions.
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Table 5. 2 Surface area determined by BET, pore volume and size by BJH for the different

samples.

Electrode Material Surface area m? g* Pore radius (nm)
Ni-PM MOF 24.38 3.54
Ni-BDC MOF 24.08 3.34

Ni-MEIM MOF 19.47 3.35
Ni-BTC MOF 9.55 4.01
Ni-PEG MOF 2.07 4.07

5.9 Cycle Voltammetry (CV) Analysis

The prepared electrodes' redox process was examined using CV (cyclic voltammetry)
analysis. CV analysis was performed at different scan rates between 5-100 mV s-1 CV
curves of synthesized Ni-MOFs based electrodes are shown in Figure 5.9(a-e). CV curves
depict pseudo-capacitive behavior. When the potential reaches a suitably negative/positive
potential, an electrical current is produced. Initially, the potential is scanned linearly over
time, causing a chemical specie (Nickle) to undergo oxidation or reduction at the electrode
surface. An oxidative (or anodic) current is observed beginning at the onset potential of the
redox event (where the background-subtracted current becomes non-zero) in an oxidation
reaction, where oxidation of the redox-active specie takes place at the electrode surface as
the electrode potential is scanned in a positive direction. Oxidation becomes more
thermodynamically favorable as the potential rises through the greater than half potential
of the redox-active metal, and the current keeps increasing until the oxidation process is
finally constrained by specie diffusion to the electrode surface, producing a diffusional tail
that is characterized by a decrease in the current. After then, the electrode’s potential sweep
is turned around and scanned in the opposite direction until the starting potential is attained
[116]. The following peak current increases with scan rate, as demonstrated by CV curves,

suggesting that the electrode material is performing well electrochemically.
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From CV graphs performed at 5, 10, 30, 70, and 100 mV s ECSA is calculated by using
the following formula and shown in Figure 5.9 (f) [117].

ECSA =&
C

s

G

2)

The double layer capacitance (Cdl) is calculated using the open circuit potential (OCP) of

the non-faradic portion of CV curves
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Figure 5. 8 (a-e) CV scans at scan rates 5, 10, 30, 70 and 100 mV s, (f) Relation between

capacitance and Scan rate of all prepared electrodes

To comprehend the electrode active materials better charge storage mechanism, Dunn's

power-law approach was used. Generally, at a given voltage current can be divided into

diffusion-limited current (i4; ) and capacitive current (icp).
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i= icap + idiff = klv + kzvo's (54)

where k2 is the constant for diffusion-limited processes and k1 is the constant for
capacitive processes. At a scan rate of 30 mV s, Figure 5.9.1 (a, b, ¢, d, &) shows the
percentage of current contributions from both diffusion-limited and capacitive processes.
Less than 35% of the overall current contribution came from the diffusion process in Ni-
PM, Ni-BDC and Ni-MEIM MOF, indicating the supremacy of the capacitive-limited
mechanism while in Ni-BTC MOF and Ni-PEG MOF overall current contribution came
from diffusion process indicating the supremacy of diffusion- limited mechanism.
Furthermore, for Ni-MOFs synthesized from solvothermal method, diffusion -limited and
capacitive-limited processes calculated percentage contributions is shown in Figure 5.10
(a, b, c, d, e). At scan rate (30 mV s™), the capacitive-limited behavior was evidently
prominent in Ni-PM MOF from the current contribution, Ni-BDC MOF and Ni-MEIM
MOF nanomaterials because of surface controlled reactions as compared to Ni-BTC MOF
and Ni-PEG MOF nanomaterial. The electrode polarization was the reason behind the
contribution from closed capacitive observed to lay beyond the CV curves of Ni-BTC and
Ni-PEG MOF. However, because of the low capacitance in Ni-BTC MOF and Ni-PEG
MOF, the diffusive mechanism accounted for the majority of the charge contribution at
high scan rates [118,119].
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5.10 Galvanostatic Charge Discharge (GCD) analysis

To examine the prepared Ni-MOFs material's charge/discharge capacity for charge
storage and rate analysis, GCD measurements are examined at various current densities.
The Ni-MOFs GCD curves in the potential range of -0.5 to 0.55 V are shown in Figure
5.10 (a, b, ¢, d, e), indicating a good capability rate with current density from 0.5t0 3A ¢’
!, Ni-MOFs Cs is calculated by using Equation (5.4) from GCD curves; the Cs (specific
capacitance) of all prepared electrode material as calculated at corresponding current
densities 0f 0.5,0.7, 1, 2 and 3 A gt is shown in Table 5.3. The GCD curves of the prepared
material's depict the pseudocapacitive behavior. The symmetrical GCD curves of the Ni-
MOFs suggest a high degree of electrochemical reversibility, which improves the reaction
kinetics [120]. The bar graph represents a comparison of the Cs (specific capacitance) at
different current densities of all the prepared electrodes Figure 5.11(f). Equations (5.6) and
(5.7) are used to calculate the energy density and power density of prepared Ni-MOFs,

which are based on GCD curves at different current densities.

Ixt (5.5)

S T mxav
Equation (5.5) is used to compute specific capacitance based on the GCD curves.

Equation (5.6) is used to compute the energy density.

_ CxAV? (5.6)

s 2%3.6

However, Equation (5.7) is used to calculate power density.

P= (5.7)

E
At
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Figure 5. 11 GCD curves of the prepared electrodes at 0.5,0.7 ,1,2and 3Ag*(a b, c, d, e),
Specific capacitance of prepared electrodes at different current densities calculated from GCD

curves (f) and Ragone plot (power density vs energy density) (g).
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Figure 5. 12 (a) Ragone plot (power density vs energy density) of all Ni-MOFs. (b) Nyquist
plot and (c) Cyclic stability of Ni-PM, Ni-BDC, Ni-MEIM, Ni-BTC, and Ni-PEG MOF
electrodes after 5000 cycles at 2 A g*. (c) Cyclic stability of Ni-PM MOF, Ni-BDC MOF, Ni-

MEIM MOF, Ni-BTC MOF, and Ni-PEG MOF after 5000 cycles at 2 A g
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Figure 5.12 (a) shows the Ragone plot of all synthesized MOFs. Equations (8) and (9)
are used to calculate the energy density and power density of prepared Ni-MOFs, which
are based on GCD curves at different current densities. Among all Ni-PM MOF electrode
shows the highest Cs and power density of 263, 368, 524, 1047 and 1575 W kg* at energy
density of 229.6, 172, 84.6, 9, and 3 Wh kg,

Table 5. 3 Specific capacitance of prepared Ni-MOFs at 0.5, 0.7,1,2and 3 A g*!

Current Specific capacitance (F g?)

Density (A g?)
Ni-PM Ni-BDC Ni- Ni-BTC Ni-PEG
MOF MOF MEIM MOF MOF

MOF

0.5 1500 618 495 457 186

0.7 1120 324 185 140 60

1 553 260 157 133 14

2 57 34 21 20 10

3 20 11 11 8 7

Table 5. 4 Values of Rs and Rct determined using Randell’s circuit.

Electrode Material Rs Q Rect Q
Ni-PM MOF 3.56 0.82
Ni-BDC MOF 3.91 1.12

Ni-MEIM MOF 0.68 2.46
Ni-BTC MOF 1.23 3.32
Ni-PEG MOF 1.18 4.48
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5.11 EIS analysis

The purpose of EIS was to further explore the prepared electrodes impedance
mechanism and charge transfer kinetics. Figure 5.11(b) displays their Nyquist plots, which
are composed of three parts. The plot’s high frequency intercept on the x-axis is known as
solution resistance (Rs). The charge transfer resistance (Rct) cumulative contribution is

responsible for the semicircle component at high to medium frequency [121].

The Warburg resistance (Rw) is the linear line that indicates the diffusive contribution
at the end. With the CHI 660E, EIS data equivalent circuit fitting is done. The
corresponding circuit is displayed in Fig. 11(b) inset. It helps to explain why Ni-PM MOF
has larger Cs. The (Rs) and (Rct) of all the prepared electrodes are demonstrated in Table
5.4. Among them Ni-PM MOF electrode has the lowest estimated Rct value 0.82 Q in 3 M
KOH, because of its higher electrochemical surface area (ECSA) and BET, which allow
electrons and ions to move more easily and quickly. Since Ni-PM MOF has the lowest Rct
in the medium, due to building up of opposing charges on electrode surface causes an
electric double layer to develop quickly [122]. It helps to explain why Ni-PM MOF has a
larger specific capacitance.

A key performance indicator for supercapacitors is cyclic stability, which shows how
well the device sustains its charge/discharge efficiency over several cycles. Throughout
their operation, supercapacitors go through numerous cycles of charging and discharging
to provide rapid energy bursts. The ability of supercapacitors to sustain high efficiency,
dependability, and durability, all essential for their long-term performance and usefulness
in a variety of applications requires cyclic stability. Therefore, cyclic stability in 3 M KOH
of all the synthesized Ni-MOFs was tested for 5000 cycles at 2 A g*. The specific
capacitance retention rate of 94.1% ,92.6%, 86.8% ,86.8% and 84.3 % is shown by Ni-PM,
Ni-BDC, Ni-MEIM, Ni-BTC and Ni-PEG MOF. It indicates that the Electrode materials
do not undergo large significant structural changes during charge discharge cycles. The

GCD curves stability graph is displayed in Figure 5.11(c).
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Summary Of Research Work

In summary, we developed a simple, affordable, and scalable solvothermal technique
to prepare five distinct Ni-MOFs using five distinct linkers and were successfully prepared
using solvothermal method technique. Their application as supercapacitor electrodes were
evaluated, and the prepared materials were characterized using a variety of techniques,
including FTIR, XRD, SEM, and BET. Ni-PM MOF showed the highest electrochemical
performance among all five electrodes exhibiting high Specific capacitance of 1497 F gt
(0.5 A g) with cycle life of 94.1% over 5000 runs (2 A g). Moreover, Ni-PM MOF
delivers power density of 1575 W kg (3 A g) and Energy density of 229 Wh kg2(0.5 A
g1). Ni-PM MOF has the least Rct as compared to the other four electrodes. The current
study compares each of these MOFs based on their particle size, surface area,
electrochemical conductivity, and structure analyzed by characterization. The products can
be utilized directly as electrode materials once they are prepared. This work not only offers
a crucial concept for producing high-performing Ni-MOFs but also provides a further
understanding about their structures and brief comparison of their properties based on
different ligands and metal sulfate used.
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CHAPTER 6: CONCLUSION AND FUTURE

RECOMMENDATION

6.1 Conclusion

In this work, five different Ni-MOFs were synthesized and their electrochemical
properties examined as supercapacitor electrode materials. The solvothermal method was
utilized to synthesize these samples. The successful synthesis of Ni-MOFs in all prepared
electrodes was validated by the XRD data. The SEM analysis revealed a complex network
of pores as well as the agglomerated uniform and non-uniform size distribution of particles.
Furthermore, Ni-PM MOF showed the highest electrochemical performance among all five
electrodes exhibiting high Specific capacitance of 1497 F g (0.5 A g!) with cycle life of
94.1% over 5000 runs (2 A g1). Moreover, Ni-PM MOF delivers power density of 1575
W kg-1 (3 A g1) and Energy density of 229 Wh kg*(0.5 A g}). Ni-PM MOF has the least
Rct as compared to the other four electrodes. Therefore, Ni-PM MOF with remarkable
stability and pseudocapacitive properties for supercapacitor can be used as best electrode
material. This study demonstrated the simple and economical preparation of Ni-MOFs-
derived electrodes for use in high performance supercapacitors offering providing notable
energy storage capacity, outstanding cyclic stability, and effective charge-discharge
properties. This work showed how to easily and affordably prepare Ni-MOF’s derived

electrodes for use in high-performance supercapacitors
6.2 Future Recommendation

» The Ni-PM MOF can be used as an electrode material for batteries as well.

» Investigate adding or changing the electrolyte composition to increase capacitance
and ion mobility, which will improve energy storage performance overall.

> Adjust operating temperatures to optimize efficiency while considering how

temperature affects material performance and electrochemical processes
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