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ABSTRACT

Metal-organic frameworks (MOFs) have been reported as promising electrode materials
for high performance supercapacitors. Significant research has been conducted to prepare
MOF composites using conductive additives such as graphene nanosheets. Furthermore,
conductive redox-active metals such as Copper and Cobalt have also been incorporated
into MOF structures to boost up the electrochemical performance. However, in this work
we used graphene nanosheets to influence the crystallization and growth of iron-MOFs
followed by the washing away of graphene. This in-situ synthesis protocol was carried out
via a facile hydrothermal approach. Later, the conductive Copper was also added into the
MOF to investigate its influence on the performance of electrode material. The synthesized
materials (i.e., Fe-MOF, Fe-MOF/G, and FeCu-MOF/G) were tested against their
electrochemical performance using a tri-electrode electrochemical system in 1M KOH
solution. These MOF samples were characterized using X-ray diffraction (XRD), Scanning
electron microscopy (SEM), Fourier transform infrared (FTIR) and Raman spectroscopy.
The electrochemical properties of the prepared samples were analysed using cyclic
voltammetry (CV), galvanostatic charge and discharge (GCD), and electrochemical
impedance spectroscopy (EIS). The in-situ growth of iron-MOFs using graphene resulted
in enhanced specific capacitance and higher charge/discharge stability which validates the

superiority of this in-situ synthesis approach.

One of the developed electrode materials, FeCu-MOF/G, displayed a high specific
capacitance of 1132 Fg™ at current density of 3 A g*. Moreover, FeCu-MOF/G also
showed a cyclic charge/ discharge stability of 85% for 6000 cycles at 10 A g*. The
exceptional performance displayed by the developed MOFs in the presence of graphene

are highlighted their potential as appropriate electrode materials for supercapacitors.

The in-situ growth of iron-MOFs using graphene resulted in enhanced specific capacitance
and higher charge/discharge stability which validates the superiority of this in-situ

synthesis approach.

XV



CHAPTER 1: INTRODUCTION

Energy is defined as the ability to do work. It is the basic requirement for life. Modern
civilization is only possible because people have learned how to change energy from one

form to another and then use it to do work.

1.1 Increasing Demand for Energy

The energy demand is growing at a rapid rate. From charging our gadgets to traveling,
every person consumes an enormous amount of energy every day and this amount is
increasing with time. Except for humans, every organism’s total energy demand is its
supply of energy in the form of food derived directly or indirectly from the sun’s energy.
For humans the energy requirements are not just for heating, cooling, transport, and
manufacture of goods but also those related to agriculture. Global energy demand is
continuously increasing every year due to population growth and economic development.
Global energy consumption significantly increased by 69.22% due to an increasing world
population of 47 % from 1990 to 2020[2].

1.2 Pollution

There is growing concern that continued expansion of the world economy will cause
irreparable damage to the earth's environment and a reduced quality of life for future

generations[3].

Historically, fossil fuel energy has served the world for many decades beginning from the
1700s. Since the 1700s, fossil fuel energy has powered industrial production, automobiles,
and the activities of corporations which have contributed to GDP growth in several
countries. In the late 2000s, evidence began to emerge that fossil fuel energy contributed
to the increase in greenhouse gas emissions and climate change and could negatively affect

human life and animal life in the future[4].

The main change in the atmospheric composition is primarily due to the combustion of
fossil fuels, used for the generation of energy and transportation. Variant air pollutants have

been reported, differing in their chemical composition, reaction properties, emission,
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persistence in the environment, ability to be transported in long or short distances, and their

eventual impacts on human and/or animal health[5].

1.3 Climate Change and Renewable Energy

Climate change is defined as the significant variation of average weather conditions
becoming, for example, warmer, wetter, or drier—over several decades or longer. It refers
to long-term changes in weather conditions and temperature. Climate change is a natural
process but since the 19" century, human activities have been the main contributor to

climate change.

Energy production and consumption have undeniable environmental repercussions. The
environmental damage linked to the production, transformation, transport, and use of

different energy sources has been substantial in the past and is still far from negligible[6].

The world is fast becoming a global village due to the increasing daily requirement of
energy by all populations across the world while the earth in its form cannot change. The
need for energy and its related services to satisfy human social and economic development,
welfare, and health is increasing. Returning to renewables to help mitigate climate change
is an excellent approach that needs to be sustainable to meet the energy demand of future
generations[7].

Climate change impacts are expected throughout the energy system. On the demand side,
the balance of heating and cooling demand patterns is changing due to rising temperatures.
On the supply side, impacts include changes to the averages and variability of wind, solar,
and hydropower resources; the availability of crops for bioenergy feedstocks; costs and
availability of fossil fuels due to melting sea ice and permafrost; the efficiency of PV
panels, thermo-electric power plants, and transmission lines due to rising temperatures;
technology downtime due to changes in the frequency and intensity of extreme weather

events[8].

Fossil fuel alternatives are the key to a future with clean energy. They seem to be the only
solution to meet the rising energy demands while keeping our environment intact and

livable for us and our future generations. The world is moving towards renewable energy
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at a fast pace to tackle climate change but not fast enough and we face the consequences in
the form of floods, extremely hot summers, extremely cold winters, and others. The need
of the hour is to further reduce the use of fossil fuels as an energy source and increase our
pace further in adapting renewable energy sources to meet our ever-increasing energy

demands.

The sources of renewable energy include solar, wind, hydro, geothermal, biomass, and
tidal. These sources are replenished at a higher rate than they are consumed. These sources

are plentiful and can be found abundantly all around us.

Hydro energy

Geothermal energy Solar energy

Tidal energy

Figure 1: Sources of Clean Energy

Harnessing natural resources like wind and solar might seem the solution to all our
problems, but they come with their drawbacks. Sources of renewable energy are

intermittent. For example, in the case of solar energy, energy can only be generated when

3



the sun shines. This intermittency poses challenges to grid stability. To effectively utilize
the sources of clean energy, the need for energy storage devices arises so that excess
energy can be stored during peak production which can later be used during low energy
generation periods.

Renewable energy has emerged as a vital solution to the pressing global challenges of

climate change and energy security[9].

1.4 Energy storage devices

Energy storage devices are used to store excess energy produced and use it when energy
generation is low or when demand increases. They help us in reducing imbalances in

energy demand and energy production.
Energy storage systems are divided into five major categories[10]:

e Mechanical system

e Chemical system

e Electrochemical system
e Electrical system

e Thermal system

The most common energy storage devices that come in electrochemical and electrical
systems are

e Batteries

e Supercapacitors


https://sustainablereview.com/challenges-in-renewable-energy/
https://www.sciencedirect.com/science/article/abs/pii/S0360319916309478

Table 1: Energy Storage Devices

Function Supercapacitor Lithium-1on (general)
Charge time 1-10 seconds 1 0—60 minutes
Cyele life | million or 30.000h 500 and gher
Cell voltage 2.3 0 2.75V 3610 3TV
Specific energy (Wh'kg) 5 (typical) 100-200
Specific power (Wikg) Up to 10,000 1,000 to 3,000
Cost per Wh £20 (typical) $0.50-51.00 (large system)
Service life (in vehicle) 10 to 15 years 5 to 10 years

Charge temperature —40 to 65°C (—40 to 149°F) 0 to 45%C (32%to 113°F)
Discharge temperature =40 to 65°C (—40 to 149°F) | =20 to 60°C (-4 to 140°F)

1.4.1 Batteries

Batteries are energy storage devices that store energy and then discharge it by converting
chemical energy into electrical energy. Batteries usually have one or more electrochemical
cells. Batteries can be found all around us. Cellphones, laptops, and other devices around

us that we use remotely while attaching a plug in a socket work on batteries.

1.4.1.1 Types of Batteries

Electrochemical batteries are classified into the following broad categories:

e Primary batteries

e Secondary batteries
Primary Batteries

Primary batteries are referred to as non-rechargeable batteries. They are discarded after

they are discharged.
Secondary Batteries

Secondary batteries are referred to as chargeable batteries. They can be charged and
discharged multiple times. They store energy through reversible electrochemical reactions.

Secondary batteries include[12]:

e Lead-Acid


https://collegedunia.com/exams/types-of-battery-physics-articleid-1434

e Nickel-Cadmium
e Nickel Metal-Hydride

e Lithium-ion
Table 2 summarizes the pros and cons of Primary and Secondary batteries[13]:

Table 2: The pros and cons of Primary and Secondary batteries

Primary Secondary

Lower initial cost. Higher initial cost.

Higher life-cycle cost (S/kWh) Lower fife-cycle cost (SkWh) if charging in
converient and inexpensive,

[Disposable. Regular mainfenance required

(Disposable, Periedic recharging required.

Rapi: t raadily ifabi Replacements while available, are not produced in the
same sheer numbers as primary batteries. May need fo
be pre-crdered

Typicaily lighter and smaller; thus traditionally more(Traditionally less suited for portable applications
[suited for portable applications. although recent advances in Lithium battery technology
have lead fo the development of smaller/lighter
secondary batteries.

Longer service per charge and good charge

retention Relative to primary battery systems, fraditional

secondary batteries (particularly aguecus secondary
batteries) exhibit inferior charge retention.

Mot ideally suited for heavy loadihigh dizcharge rate

perormance. Superior high discharge rate performance at heavy
loads

I_-.Iol i<:|¢3_allg.I suited for_load—level!r)g. emergency backup.
hybrid battery, and high cost military applications. Ideally suited for load-leveling, emergency backup,
hybrid battery and high cost military applications

Traditionally limited fo specific applications.

The overall inherent versatility of secondary battery
\systams allows its use and continuing research for
a large spectrum of applications.

1.4.2 Supercapacitors

Supercapacitors are another type of electrochemical energy storage device with huge power
density and specific capacitance. Supercapacitors (SCs) are energy storage devices that
bridge the gap between batteries and conventional capacitors. They can store more energy
than capacitors and supply it at higher power outputs than batteries. These features,
combined with high cyclability and long-term stability, make SCs attractive devices for

energy storage.[14].

Although batteries can accomplish transient energy storage and propulsion, the power
requirements are increasing remarkably and exceed their pulse power capability. A

promising way is to use a reasonable alternative solution such as Ecs[15].
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Supercapacitors are being used as they can store more energy and have a prolonged life

cycle. The specific capacitance is calculated as follows:
Q=cCcv

Where, C stands for specific capacitance, ‘V ‘for operating window, and ‘Q’ for stored

charge.

Because of its high-power output and low cost, SCs are a good choice for energy storage.

They are divided into two groups based on the materials’ compositions.
1.4.1.2  Types of Supercapacitors
Supercapacitors are classified into the following broad categories:

Table 3: Taxonomy of Supercapacitors[16]

Supercapacitors
I I
Flocric Doutle. Psoudocapacitors
I
I | I I
m Carbion Asrogels Conducting Motal Oxddes
Carbon
Manotubes
Hybrid
Capacitors
Composite Asymmetric ! Batery-Type |

1.4.1.2.1 Electric Double-layer Capacitors

Electrochemical double-layer capacitors (EDLCs) are constructed from two carbon-based
electrodes, an electrolyte, and a separator. Like conventional capacitors, EDLCs store

charge electrostatically, or non-Faradaically, and there is no transfer of charge between


https://www.mitre.org/sites/default/files/pdf/06_0667.pdf

electrode and electrolyte. The charge storage mechanism in EDLC is purely physical and
non-faradaic, with no oxidation-reduction reaction, i.e., no active 7-electrode material.

Because of the physical charge transfer, EDLC has a long cycle life.

The capacitance of an EDLC can be written as

C Ae
 4nd

Where A denotes electrodes Surface area e denotes dielectric constant D denotes the

effective thickness of the double layer

Positive Negative
Electrode Electrode

gl Current
i=-4| Collector

Load
Resistance

Applied Voltage

Figure 2: Schematic of an Electrical Double-layer Capacitor

Pseudo capacitors

Unlike EDLC, the pseudocapacitive reactions are faradic in origin and store electrical
energy through fast and reversible redox processes at the electrode surface. In other words,
pseudocapacitive materials exhibit battery-like redox reactions that happen at very high
rates similar to a capacitor[17] The charge storage mechanisms in pseudocapacitive

materials can involve either:


file:///C:/Users/uetim/Downloads/M.%20Salanne,%20B.%20Rotenberg,%20K.%20Naoi,%20K.%20Kaneko,%20P.%20L.%20Taberna,%20C.%20P.%20Grey,%20B.%20Dunn

e at or near surface-redox reactions

e intercalation-type reactions

These Faradaic processes may allow pseudo capacitors to achieve greater capacitances and
energy densities than EDLCs[18].

Hybrid Supercapacitors

Hybrid capacitors attempt to exploit the relative advantages and mitigate the relative
disadvantages of EDLCs and pseudo capacitors to realize better performance
characteristics. Utilizing both Faradaic and non-Faradaic processes to store charge, hybrid
capacitors have achieved energy and power densities greater than EDLCs without the
sacrifices in cycling stability and affordability that have limited the success of pseudo
capacitors.

Hybrid supercapacitors are classified as either symmetric or asymmetric, with the positive

electrode being a pseudo-capacitor and the negative electrode being EDLC[19].

S

- g ’ (“../
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Positive Negative Electrode =
electrode | electrode .| —
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' |Electrode
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Figure 3: Schematic of Energy storage of SCs types: (a) (EDLCs) ;( b) pseudo-capacitors;(c) Hybrid

capacitors[20].
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Types Mechanisms

: Electrostatically ion |
I : : f
. Electrochemical double | | | adsorption/desorption at the
I layer capacitors | | interface of electrode and "
: ‘ electrolyte |
\ :
: ; |
I :
|
: ' |
I : ;
: | I | Electrochemical double layer ion |

Supercapacitors —*—— Hybnd capacitors =y udsurpliunv desorption and
" . : reversible faradaic reaction

| Reversible faradaic redox
— Pseudocapacitors - reaction between electrolyte ions | |
| | and electroactive materials |

Figure 4: Supercapacitor types are based on the mechanism of energy storage[21].

2.2.6.2  Components of Supercapacitors
Electrode Materials

Electrode materials play a very important role in the performance of Supercapacitors. To
obtain exceptional supercapacitor performance, the electrode materials should have high
capacitance. High capacitance means more porosity and larger pore volume. The
electrochemically available area might be indicated as an active electrochemical surface

area.

Figure 5: Classification of SC, along with their electrode materials[22]
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Electrode matenials for supercapacitors

Stage 1 (1957)

Matenals utilise double-

layer capacitance

Stage 2 (1971)
Matenials utilise

psucdocapacitance

Stage 3 (1993)
Composites that combine double-layer
and psucdocapacitance

I

I
|

Carbon
fibres

Carbon
acrogels

Activated)
carbons

Carbon
nanotubes

Metal | | Conducting
oxides || polymers

Electrolytes

Varous carbon
matenals &
metal oxides

Vanous carbon
materials &
conducting polymers

Electrolytes are utilized for the movement and conduction of ions. While fabricating a

supercapacitor, our main concern is to improve its energy value which can be done in two

of the following ways.

* Increasing the electrode material’s capacitance

« widening the capacitor’s operating potential

The ideal electrolyte material lowers internal resistance, speeds up the self-discharge

process, improves power output and lifetime, and increases energy density values.

Lightweight, excellent electrical conductivity, strong electrochemical activity, and high

tolerance to deterioration are all desirable qualities in an electrolyte.

Table 4: Supercapacitor Performance depends on Electrolyte properties[23]
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Types of Electrolytes are listed in the following figure:

Table 5: Classification of electrolytes for electrochemical supercapacitors[24]
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Liquid Electrolytes

The choice of the electrolytic material for a supercapacitor is a crucial step in the
development process, which is why a lot of research has been done on various liquid
electrolytic materials. Aqueous electrolytes and non-aqueous electrolytes are the two
subcategories. lonic liquids and organic electrolytes are the two further categories into
which these liquid electrolytic materials are divided.

Aqueous Electrolytes
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This category comprises electrolytes that consist of an aqueous solution of salts and
inorganic substances. They have separated ions, which makes them extremely
conductive. This makes them quite good at economically boosting power density as their
lower electrolytic resistance lowers the ESR value. Another benefit of aqueous
electrolytes is their ease of synthesis and handling, which qualifies them for usage in

supercapacitors.
Non-Aqueous Electrolytes

Fused ions and organic salt solutions are examples of this type of electrolyte; they are more
durable than aqueous electrolytes and may be applied in commercial settings. These
electrolytes are also very effective to employ because they do not degrade or deteriorate
even at high working potential windows. However, they do have significant drawbacks that
make large-scale production difficult, such as their high cost, toxicity, and low

conductivity.

Non-agueous electrolytes

Organic Electrolytes

A conducting salt is mixed with an organic solvent to make these. They are widely
commercialized as they have a broad potential window (2.5-2.8 V) which helps in

increasing the energy density and improving the thermal and cyclic stability of the device.
lonic Electrolytes:

lonic liquids, that are composed of salts with melting points below 100 °C, are made of
an asymmetric organic cation and an inorganic/organic anion. They are often consumed
in their pure form or dissolved in organic solvents to evaluate their overall performance
in a supercapacitor. Typically, these liquids are created by selecting various cation-anion
combinations to increase the working potential window. Tetrafluoroborate is one of the
anions to be selected, and the cations to be chosen are ammonium, phosphonium,

pyrrolidinium, etc. (BF4-).

Redox-active Electrolytes
13



These are further divided into two types Redox-active agueous electrolytes These
electrolytes are quite special as they can increase the overall capacitive performance of
supercapacitor devices by extracting redox-based capacitance from themselves, unlike
conventional supercapacitors which only rely on the redox-activity of the electrode. Some

of these electrolytes include Hydroquinone, KI, lignosulfonates, etc.

Redox-active non-aqueous electrolytes

Numerous non-agqueous electrolytes have been investigated to raise the cell voltage and
produce a high energy density. These electrolytes are based on organic and ionic liquids.
Studies in the literature suggest that redox-active Polyfluorododecaborate cluster ions
added to an organic mixture solvent including Dimethyl and Propylene Carbonate would
be very helpful in increasing the pseudocapacitive contribution of carbon-based

supercapacitors.
Solid and Quasi-solid (Gel) Type Electrolytes

These are extremely flexible gel electrolytes composed of a polymer matrix encapsulated
in a liquid electrolyte. Because they facilitate the rapid downsizing of the electronic
industries, they are attractive to work with. Liquid electrolytes are not suitable for use in
portable electronic devices due to their leakage and solution resistance while having greater

ionic conductivity that makes redox processes easier.

1.4.2.3  Applications of Supercapacitors

As compared to batteries, supercapacitors have an upper hand in applications where high-

power density and longer life cycles over multiple charge-discharge cycles are required.
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Figure 6: Ragone plot for energy storage devices [40].

Some applications of SCs are in consumer electronics [23], [24] tools, power supply [25]
voltage stabilization [26] microgrid [27] renewable energy storage [28], energy harvesting
[29], [30], street lights [31] medical applications [32] military and automotive applications
[33], [34], [35] and energy recovery [36], [37], [38], [39].

1.5 Objectives
e Synthesis of MOFs and improving the methods of forming the iron carboxylate

MOFs with desired characteristics.

e Investigating how synthesis parameters affect the structure, morphology, and size of
the Iron carboxylate MOFs such as temperature, pH and the concentration of the
reactants.

e Characterizing the synthesized MOFs using X-ray diffraction, scanning electron
microscope, FTIR and RAMAN.

e Exploring how the electrochemical performance of iron carboxylate MOFs could be
improved by the addition of conductive frameworks, for example, graphene.
e Improving electrode fabrication, such as selecting proper binder, conductive

additives, and electrode’s thickness.
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Performing cyclic voltammetry (CV), galvanostatic charge-discharge (GCD), and
electrochemical impedance spectroscopy (EIS) on the fabricated electrodes based on
the developed MOFs.

Evaluating the specific capacitance and cycling stability of the developed electrode
materials.

Comparing the efficiency of the iron carboxylate MOF based electrodes to other
superior electrode materials that have been used in designing supercapacitors.
Suggesting research directions for future and the possible enhancements of iron
carboxylate MOF-based electrodes.
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CHAPTER 2: LITERATURE REVIEW

In the past two decades, electrochemical capacitors, also known as supercapacitors, have
received special attention since they are one of the most promising electrochemical energy

storage devices for high-power delivery or energy harvesting applications[1].
2.1 MOFs

MOFs (Metal Organic Frameworks) are porous materials made up of inorganic metal
clusters also known as Secondary Building Units (SBUs) and organic linkers. This is why
MOFs are often referred to as hybrid organic-inorganic materials[2]. The organic units are

typically mono-, di-, tri- or tetravalent ligands[3].
2.1.1 MOFs for next-generation energy storage devices

With the development of society and the world becoming a global village, the need for
clean energy is becoming very important globally. As modern society develops, the need
for clean energy becomes increasingly important on a global scale. Because of this, the
exploration of novel materials for energy storage and utilization is urgently needed to
achieve a low-carbon economy and sustainable development. Among these novel
materials, metal-organic frameworks (MOFs), a class of porous materials, have gained
increasing attention for utilization in energy storage and conversion systems because of
ultra-high surface areas, controllable structures, large pore volumes, and tunable

porosities[4].

2.1.2 Transition Metal MOFs

Transition-metal (Fe, Co, Ni) based metal-organic framework materials with controllable
structures, large surface areas, and adjustable pore sizes have attracted wide research
interest for use in next-generation electrochemical energy-storage devices. Transition-
metal (Fe, Co, Ni) based metal-organic frameworks and their derivatives are focused on

because of their application in supercapacitors and batteries.
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2.1.3 MOF Linkers

Metal-organic framework (MOF) materials use inorganic metal ions as structural centers
and basic organic ligands to undergo coordination reactions under certain catalysis and
temperature conditions and generate coordination bonds through coordination reactions.

Molecules are connected to form a new material with porous network characteristics.

+—-N

Melal node, clasier Ukrpanic Linker MU Fs

Figure 7: Metal-organic framework (MOF) material

214 MOF Uses

Their tunable porous structure is exploited by numerous different application areas such as
renewable energy, environmental applications, catalysis, sensors, and biomedicine. Metal-
organic frameworks (MOFs) are porous crystalline structures with high surface areas. The
structure of MOFs is constituted by inorganic secondary building units (SBUs) and organic

linker molecules between them.

MOFs, MOF composites, and MOF derivatives show great potential for the subject with
their high porosity, hybrid structure, and tunability.

The porous structure of MOFs makes them excellent candidates for gas storage and

separation.

Nanoparticle composite MOFs have various chemical and structural diversities, excessive
loading capacity, and high decomposability; thus, they are beneficial to traditional
nanomedicines[5]. MOFs and their composite materials have also been used as
electrocatalysts for the ORR[6-8] carbon dioxide reduction[9], the HER[10], and the
OER[11]. MOFs have so far attracted a lot of interest in several research fields, both with
the aim of developing and synthesizing novel materials as well as for a wide range of

applications. In recent years, numerous reviews of electrically conductive MOFs[12], 2D
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MOFs[13], the history of activation and porosity[14], clean energy applications[15], and

so on have been published.
2.15 MOFs for energy storage

MOFs, as electrode materials, offer the potential for enhancing supercapacitor

performance, particularly when combined with aqueous electrolytes[16, 17].

Diaz et al. reported the initial pristine MOF used as electrode material for ELDC[18]. Lee
et al. reported the first MOF as electrode material for pseudo capacitors with specific
capacitance up to 206.76 Fg-ing. With different redox-active ligands and metal centers
Gong, Y., Li, J., Jiang, P.G., etal. employed zinc, cadmium[20] and Campagnol, N.,
Romero-Vara, R., Deleu, W., et al employed iron-based MOFs[21] were employed as the

electrode materials and showed pseudocapacitive performances accordingly.

Wei etal. achieved the first attempt to utilize 2D MOF as the active material for
supercapacitors[22]. A Ni-based MOF with a layered structure was studied, and the

specific capacitances were 1127 and 668 F g-1 at the current density of 0.5 and 10 A g-1.

In another study[23], Wei et al. synthesized Zn-doped Ni-MOF which showed higher
capacitance of 1620 and 854 F g—1 at the current density of 0.25 and 10 A g—1,
respectively. Subsequently, two-layered structures Co-MOFs synthesized by Liu, X., Shi,
C., Zhai, C., etal. and Yang, J., Ma, Z., Gao, W., etal.[24, 25] displayed improved
capacitances of 2474 and 2564 F g—1 at 1 A g—1, respectively. In addition to nanosheet
morphology, Yan, Y., Gu, P., Zheng, S., et al. synthesized the accordion-like Ni-MOF
superstructure and examined it as pseudocapacitive material[26]. An asymmetric flexible
solid-state supercapacitor established by accordion-like Ni-MOF and activated carbons
was also proved to be a high-performance device. Beyond 2D MOF-based energy storage
devices, Xu, J., Yang, C., Xue, Y., et al. synthesized nickel-based MOF nanorods were
synthesized and exhibited pseudocapacitive behavior as well[27]. The constructed Ni-
based MOF nanorods/graphene asymmetric supercapacitor achieved 166 F g—1 at1 A g—1.
Jiao, Y., Pei, J., Chen, D., et al. and Gao, S., Sui, Y., Wei, F., et al. have proved that mixed-
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metal MOFs have better electrochemical performance than the corresponding
monometallic MOFs[28, 29].

Fe-MOFs have high safety due to their low cytotoxicity and high biocompatibility; thus,
they have been widely used in bio-related fields, such as in drug delivery, bioimaging, and

disease treatments, as well as for their antibacterial properties.

Fe-MOFs have been studied for energy storage in batteries and supercapacitors as they can
optimize charge transport and charge density in metal-organic frameworks which is critical
for systematic improvements in the electrical conductivity in these materials as reported by
Lei Sun et al[30]. Sheta M. Sheta et al synthesized a Fe-MOF which showed excellent

antimicrobial activity[31].

According to Kuaibing Wang et al. iron-series metal-based MOFs, including Fe, Co, and
Ni are primarily documented as active SCs components compared with other metals due to
the widespread resource of these three elements causing the cheap nature first. The second
reason is that the MOF-based materials assembled from Fe, Co, and Ni metal centers

usually possess abundant electrochemical redox sites[32].

In the year 2014, Fransaer et al. reported a series of Fe-MIL MOFs including MIL-100-Fe,
MIL-88B-Fe, and MIL-53-Fe composited with carbon-based materials (carbon nanotubes
and carbon black) to form the SCs electrodes[21].

2.1.6 Synthetic Approaches for MOFs

Many variables, including reaction duration and temperature, solvent type, organic ligand
and metal ion types, node size and structural features, the crystallization Kinetics, which
ought to result in crystal nucleation and growth, and numerous others, influence the
synthesis of MOFs.

Most of the time, ligand and metal salt solutions are mixed to create MOFs in the liquid
phase. The solvent’s reactivity, solubility, and redox potential are taken into consideration
while selecting it. The solvent is also a significant factor in figuring out each reaction’s

thermodynamics and activation energy.
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2.1 Graphene

Graphene, which is a single layer of carbon atoms covalently bonded in a hexagonal
pattern, has attracted a lot of interest in view of its near marvelous electrical, thermal, and
mechanical characteristics. Because of its high Surface Area, excellent electrical
conductivity, and good mechanical properties, it is considered as a promising material to
improve the electrode stuff for energy storage devices. superior properties such as electrical
conductivity and mechanical integrity to the metal-organic frameworks (MOFs) derived
composite materials for application in supercapacitors when graphene is incorporated. This
synergy exploits the basic properties of printer to address such issues as poor conductivity

and structural stability in MOFs hence improving the performance of the whole device.

Supercapacitor application of MOFs as electrode material can be enhanced in the following
ways after incorporation of graphene. To begin with, charge transfer within the composite
material is faster since graphene has high electrical conductivity, hence gives lower internal
resistance and higher charge discharge capabilities of the supercapacitor. This leads to
improved power density levels, and hence energy delivery rate in the supercapacitor.
Secondly, the mechanical strength and flexibility of graphene can help hold the MOF
framework together, to ensure it does not ‘crumple or deteriorate’ when cycling. This
stability helps to get a longer cycle life and more uniform cycling of the electrode material.
Furthermore, the MOFs and the highly developed graphene layer provide more storage

surfaces so that the supercapacitor has a high capacitance and energy density.

Graphene, when present during the synthesis of MOFs, can influence the performance and
properties of MOFs greatly. Although graphene has a high surface area, excellent
mechanical strength, and electrical conductivity, it can also provide multiple nucleation
sites during MOF synthesis which can result in many crystals with smaller crystal size.
Moreover, this addition contributes to a uniform size of the MOF crystals since graphene
sheets can hinder the clustering of MOF particles. Smaller and more uniformly distributed
crystals can also increase the overall surface area[33, 34].
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Supercapacitors and batteries are two energy storage devices where supercapacitors can
store more energy than capacitors and supply it at higher power outputs than batteries.
Their long-term stability and high cyclability make them attractive energy storage
devices[35].

However, low capacitance[36, 37] and energy density[38, 39] adversely influences the
energy storage in large amounts over a longer time period. Most of the supercapacitors
usually suffer from high self-discharge rates[40, 41] which leads to the loss of stored
energy when idle. The need to use multiple cells in series arises, due to the low voltage per
cell [42]. Limited life cycle, as a result of material degradation, reduces the long-term
stability of some electrode materials which also results in poor electrical conductivity[43].
This ultimately minimizes the charge-transport efficiency within the electrode material and
at electrode/electrolyte interface. In addition, there exist serious challenges with regards to
cost and environment concerning certain materials and synthesis procedures. Development
of new electrode materials and advanced fabrication techniques is important to overcome
these limitations in supercapacitor technology. This means that electrode materials like
metal-organic frameworks (MOFs) when combined with graphene, which is a conducting
material, enhance capacitance, energy density, and reduce self-discharge rate. Such
materials exploit MOFs’ high surface area, tunable porosity along with the excellent
electrical conductivity of graphene making more efficient supercapacitor electrodes [44-
46]. In order to improve performance, it is also necessary to focus on optimizing specific
surface area and pore size distribution while at the same time ensuring compatibility and

integration of different materials [47].

Copper-based Metal-Organic Frameworks have also emerged as promising supercapacitor
electrode materials due to several intrinsic and application-oriented advantages including
high electrical conductivity [48], redox activity [49], thermal and chemical stability[50]
and Structural versatility[51]. Copper-based MOFs, when combined with conductive
materials such as carbon nanotubes(CNTSs) and graphene, leverage synergistic effects
improving mechanical properties, electrical conductivity, and electrochemical stability[52]

thus enhancing the overall performance.
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Combining iron and copper MOFs with graphene leverages the synergistic effects of these
materials enhancing the overall performance of supercapacitors. This hybrid approach
offers many advantages, which include improved electrical conductivity [53], higher
surface area [54], enhanced redox activity [55], and better mechanical stability [56]. All
these advantages make graphene/MOF hybrids favorable materials for developing high-

performance supercapacitors.

Graphene, when present during the synthesis of MOFs, can influence the performance and
properties of MOFs greatly. Although graphene has a high surface area, excellent
mechanical strength, and electrical conductivity, it can also provide multiple nucleation
sites during MOF synthesis which can result in smaller crystal size. Moreover, this addition
contributes to a uniform size of the MOF crystals since graphene sheets can hinder the
clustering of MOF particles. Smaller and more uniformly distributed crystals formation as

a result of graphene addition can also increase the overall surface area in MOFs [33, 34].

The present study is focused on synthesis of three porous MOF synthesized in the presence
of graphene nanosheets i.e., Fe-MOF, Fe-MOF/G, and FeCu-MOF/G by a hydrothermal
synthesis method and on investigating the electrochemical performance of developed

samples as an electrode material for supercapacitor applications.
2.3 Methods
231 Hydrothermal/Solvothermal Method

Solvo(hydro)thermal reactions take place above the solvent’s boiling point in closed
vessels with autogenous pressure[57]. Most MOFs thus far have been created under
solvo(hydro)thermal conditions. These reactions are typically done over lengthy periods of
time (hours or even days) in closed containers (autoclaves) with polar solvents and
temperatures between 50 and 260 °C. Autoclaves lined with Teflon are utilized for
reactions that need temperatures higher than 400 °C. Elevating the temperature of the
processes can promote bond formation, particularly when Kkinetically inert ions are

employed, and guarantee appropriate crystallization.
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Figure 8: Hydrothermal Method

Advantages:
* Simple method

» Changing time, temperature, concentration, and solvent type allows for easy and exact

morphology control.
Disadvantages:
* Expensive autoclaves and reactors
* Concerns about safety
2.3.2 Slow Diffusion Method
The slow diffusion method is performed at room temperature and does not need an energy
supply.

The reagent solutions are layered on top of one another, divided by a layer of solvent, or
progressively diffused by physical barriers that submerge them during the diffusion
process. Gels are occasionally employed as diffusion and crystallization media. Following
the precipitate solvent’s slow diffusion into the distinct layer, crystals form at the interface
between the layers[58]. In particular, the diffusion approach is applied when the products

have low solubility.

24



2.3.3 Electrochemical Method

On an industrial scale, this method is used for the synthesis of MOF powders. The metal
ion is provided by anodic dissolution into reaction mixtures that contain the organic ligands
and electrolytes. The major advantages of this method are the slighter temperatures of
reaction and quick synthesis under milder conditions, compared to the solvothermal

method.
234 Mechanochemical Method

The method uses mechanical forces, instead of using a solvent, at room temperature, to
form coordination bonds by either manual grinding of the reagents or more often in
automatic ball mills. In some cases, a small amount of solvent may be added to the solid
reaction mixture and succeed in obtaining one-dimensional, two-dimensional, and three-

dimensional coordination polymers[59].

Advantages:

* In most cases, this procedure yields pristine-quality sheets.
Disadvantages

* This technique produces a low yield.

» Lack of scalability in this method.

* The method is only limited to small-scale production.

» Controlling sheet size and thickness is a problem.
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Figure 9: Mechanochemical Method

235 Microwave Method

The main factors controlling the yield and crystal development of MOFs are the energy of
the microwave irradiation, the duration of exposure, the solvent concentration, and the
solvent systems. Microwave irradiation has been shown to improve material characteristics

and properties[60].

For many processes, the most efficient method is microwave-aided synthesis. Microwave
irradiation speeds up the crystal formation of porous materials and shortens reaction times
compared to traditional solvothermal synthesis, which can take days or weeks[61].

Advantages

e rapid heating, fast kinetics, phase purity, increased yield, improved dependability

e repeatability over hydrothermal synthesis
Disadvantages

e relatively high cost of equipment

e difficulty in reaction monitoring
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Figure 10: Microwave Method

2.3.6 Ultrasonic Method

The ultrasonication process is an inexpensive and ecologically safe way to create MOFs.
It could function at room temperature and pressure and yet yield a large yield[62]. The
ultrasonic-assisted synthesis offers relatively environment-friendly conditions for MOF
synthesis in ambient reaction conditions (i.e., ambient temperature and atmospheric
pressure) with less reaction time. Furthermore, the ultrasonic-assisted synthesis approaches
avoid safety concerns, providing an opportunity to expand on the twelve principles of green
chemistry[63].

Advantages:

e environment friendly

e reduced reaction time
Disadvantages:

e cannot be used for large-scale production.
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CHAPTER 3: EXPERIMENTATION/SYNTHESIS

This study aims to synthesize iron-based MOFs for supercapacitor applications. This study

includes:

e Synthesis of Fe-BDC MOF

e Synthesis of Fe-BDC MOF/Graphene

e Synthesis of FeCu-BDC MOF/Graphene

e Employing the synthesized MOFs as an electrode in supercapacitors

e Electrochemical performance testing of prepared MOFs

e Asymmetric supercapacitor testing by employing synthesized MOFs as positive
and Activated carbon as a negative electrode material.

e Furthermore, these materials can be employed for other energy storage devices

like batteries.
For this study, a Hydrothermal synthesis route has been adopted.
3.1 Materials Required

e FeCls.6H20 (Iron Chloride Hexahydrate)

e H:BDC (Terephthalic Acid)

e Cu (NOs) 2.9H20 (Copper nitrate Nona-hydrate)
e DMF

e Ethanol

e Graphene Powder
3.2 Apparatus Used

Apparatus used for synthesis include:

e Teflon-lined Stainless-Steel Autoclave
e Drying Oven

e Vacuum Oven
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e Magnetic stirrer

e Hotplate

e Beakers

e Petri dishes

e Weighing balance
e Fume hood

e Centrifuge

e Spatula

e Pestle and Mortar
3.3 Synthesis of Iron-Carboxylate MOF

In the first step, 20ml DMF was taken in a beaker then 677mg of FeCls.6H.O was added
and this mixture was stirred for 2 hours. Then 206 mg of Terephthalic acid was this mixture
and stirred for another 2 hours. This mixture was then poured into a Teflon-lined 100ml
autoclave. The autoclave was placed in an oven at 120 °C for 24 hours. The precipitates
were then washed multiple times alternately with DMF and ethanol several times. After
washing, most of the solvent is removed in the drying oven. The obtained mud-like mixture
of solvent and precipitate is then dried at 70 °C overnight. The Fe-MOF is scraped off the

petri dish using a spatula and ground in a pestle and mortar to obtain Fe-MOF powder.
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Figure 11: Synthesis of Iron-Carboxylate MOF
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3.4 Synthesis of Iron-Carboxylate MOF/Graphene

In first step, 20ml DMF was taken in a beaker then 677mg of FeCls.6H-O was added and
this mixture was stirred for 2 hours. Then 206 mg of Terephthalic acid was this mixture
and stirred for another 2 hours. Graphene is added according to a required percentage (2%,
5%, 10%) in 10ml DMF and sonicated for 1 hour. Both these mixtures were then combined
and stirred for 1 hour. This mixture was then poured into a Teflon-lined 100ml autoclave.
The autoclave was placed in an oven at 120 °C for 24 hours. The precipitates were then
washed multiple times alternately with DMF and ethanol several times. After washing,
most of the solvent is removed in the drying oven. The obtained mud-like mixture of
solvent and precipitate is then dried at 70 °C overnight. The Fe-MOF/graphene is scraped

off the petri dish using a spatula and ground in pestle and mortar to obtain Fe-

MOF/graphene powder.
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H2BDC + ‘ : @ Iron-
) TE ) : § MOF
Stirring for Stirring for Graphene 120°C, Washing
2 hours hours sonicated 24 hours with DMF Vacuum
in DMF for Drying at
1hr 100 °C

overnight

Figure 12: Synthesis of Iron-Carboxylate MOF/Graphene

3.5 Synthesis of Iron-Copper MOF/Graphene oxide

In the first step, 20ml DMF was taken in a beaker then 677mg of FeCls.6H.O was added
and this mixture was stirred for 2 hours. Then mg of Cu (NOs) ..9H20 was added and
stirred for 1 hour. Afterward, 206 mg of Terephthalic acid was in this mixture and stirred
for another 2 hours. Graphene is added according to a required percentage (2%, 5%, 10%)
in 10ml DMF and sonicated for 1 hour. Both these mixtures were then combined and stirred
for 1 hour. This mixture was then poured into a Teflon-lined 100ml autoclave. The

autoclave was placed in an oven at 120 °C for 24 hours. The precipitates were then washed
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multiple times alternately with DMF and ethanol several times. After washing, most of the
solvent is removed in the drying oven. The obtained mud-like mixture of solvent and
precipitate is then dried at 70 °C overnight. The MOF/graphene is scraped off the petri dish
using a spatula and ground in pestle and mortar to obtain MOF/graphene powder.
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Figure 13: Synthesis of Iron-Copper MOF/Graphene.
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CHAPTER 4: CHARACTERIZATION TECHNIQUES

4.1 Scanning Electron Microscopy (SEM) Analysis

This method involves focusing a fine electron beam over the surface of a specimen.
It results in the removal of electrons or photons from the material's surface. These electrons
are directed toward the detector. The detector's output adjusts the cathode ray tube (CRT)
brightness. The material's image is created by plotting the resultant point on a CRT for

every point where the beams interact[64].

Figure 14: (a) JOEL JSM-6490LA present at SCME; (b) SEM Schematic

X-rays, backscattered electrons (BSE), and secondary electrons (SE) are released because
of the electron-surface interaction. Secondary electrons are a common SEM detection
method. The source of these electrons is close to the sample surface. Consequently, a
distinct and clear image of the sample is produced[65]. It can disclose sample details that
are even less than 1 nm. Additionally, incident electrons scatter elastically and release the

scattered electrons back. Compared to secondary electrons, they emerge from deeper
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regions. They thus have a somewhat poor resolution. Upon the separation of an inner shell

electron from its shell, distinctive X-rays are released[66].

SEM can magnify samples from 10 to 500000 times. SEM is used to study sample
morphology, chemistry, crystallography, and orientation of planes.

In this work, the morphology of the materials was examined on (JEOL-JSM- 6490LA) and
FESEM analysis was performed on (MIRA3 TESCAN). Elemental composition was
determined by the EDS detector attached to FESEM.

4.2 X-Ray Diffraction (XRD) Analysis

XRD is a non-destructive technique, that provides fingerprints of Bragg’s reflections of

crystalline materials, which determines the crystal structure of the material.

It has three primary components. a detector, sample holder, and cathode tube. Heating a
filament element causes electrons to speed toward a target, where they clash with the target
material to produce X-rays. Planes and layers make up a crystal. An x-ray with a
wavelength comparable to these planes will therefore be reflected, resulting in an angle of

incidence equal to the angle of reflection.
Diffraction that takes place is described by Braggs law according to the following equation:
2dsin® = n\

When "Bragg's reflections” are detected by the detector, constructive interference is
present, and Bragg's law is satisfied. Ray diffraction provides information about phase,
crystallinity, and sample purity, while these reflection positions provide information about
inter-layer spacing. Unit cell size, dislocations, and lattice misfits can all be found using
this method.
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Figure 15: XRD present at SCME- NUST (b) XRD basic schematic.

4.3 RAMAN Spectroscopy

RAMAN spectroscopy is used to identify the vibrational modes of molecules, while it can
also be used to examine rotational and other low-frequency modes of systems[67]. In
chemistry, Raman spectroscopy is frequently utilized to provide a structural fingerprint that

allows molecules to be recognized.

Raman scattering, or the inelastic scattering of photons, is the basis for Raman
spectroscopy. A monochromatic light source—which can potentially include X-rays—is
often derived from a laser operating in the visible, near-infrared, or near-ultraviolet ranges.
The energy of the laser photons is pushed up or down because of interactions between the
laser light and the system's phonons, molecules, or other excitations. The energy shift
provides details on the system's vibrational modes. Usually, infrared spectroscopy provides

complementary but similar information.
4.4 Fourier Transform Infrared (FTIR) Spectroscopy

Fourier-transform infrared spectroscopy (FTIR) is a technique used to obtain an infrared
spectrum of absorption or emission of a solid, liquid, or gas. High-resolution spectral data

over a broad spectral range are concurrently collected by an FTIR spectrometer. Compared
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to a dispersive spectrometer, which measures intensity over a limited range of wavelengths

at a time, this offers a substantial benefit

Fourier-transform spectroscopy is a less intuitive way to obtain the same information.
Rather than shining a monochromatic beam of light (a beam composed of only a single
wavelength) at the sample, this technique shines a beam containing many frequencies of
light at once and measures how much of that beam is absorbed by the sample. Next, the
beam is modified to contain a different combination of frequencies, giving a second data
point. This process is rapidly repeated many times over a short period. Afterward, a
computer takes all this data and works backward to infer what the absorption is at each

wavelength.
4.5 Electrochemical Analysis

All electrochemical tests were performed on GAMRY Interface 1010E Potentiostat. This

model includes everything available for running any type of electrochemical experiment.

rereacelOll QAT !

Figure 16: GAMRY Interface 1010E Potentiostat
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Following electrochemical tests were performed on this potentiostat:
* Cyclic voltammetry (CV)
* Galvanostatic Charge-Discharge (GCD)

* Electrochemical Impedance Spectroscopy (EIS)

45.1 CV (Cyclic Voltametry)
It is the simplest technique on a laboratory scale to measure the electrochemical

behavior. Oxidation and reduction which occur at the interface of the electrode/electrolyte
can be analyzed by CV. CV system consists of a working electrode (WE), a reference
electrode (RE), and a counter electrode (CE). In CV, the potential is charged on the WE
and RE, and the resulting output current response is recorded between the working and
counter electrodes. CV curve is plotted between the current(l) of WE vs. the potential (V).
The Potential (V) is applied between the WE and the RE. Usually, Mercury/Mercury oxide
(Hg/HgO) and Silver/Silver chloride (Ag/AgCl) reference electrodes were used. The
counter electrode used was Platinum. The purpose of the electrolyte is to provide ions.
Electrolytes must possess good conductivity. In supercapacitors, different materials show
different responses. EDLC gives a rectangular curve whereas pseudo capacitor gives
oxidation and reduction hump during forward and the reverse scan shows redox reactions

occurring in Figure.
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Figure 17: CV plot of (a) Ideal capacitor with perfect rectangular shape (b)EDLC material with near

rectangular shape(c)Pseudo capacitor with oxidation and reduction peaks[68]

45.2 Galvanostatic Charge Discharge (GCD)

GCD or Galvanostatic Charge Discharge is used to study the charging and discharging of
supercapacitors and batteries. In GCD we measured the change in potential with time at a
constant current rate. One charge and discharge of the material is equal to one complete
cycle. GCD curves of EDLC and Pseudo capacitor are different. In EDLC-type
supercapacitors the charge-discharge cycles show linear curves with little IR drop whereas
in the case of Pseudo capacitors the curve is not linear and the IR drop is large. This
deviation refers to the charge storage mechanism that takes place due to the oxidation and
reduction reactions. The linear response shows that the charge storage mechanism is not

faradaic. GCD curves of both EDLC and Pseudo capacitor are in the figure.
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Cyclic stability is an essential parameter for energy storage devices. Over multiple charge-
discharge cycles, the stability of the material is studied. In labs, usually 500 to 10000

charge-discharge cycles are conducted to examine the capacitance retention of the material.
45.3 EIS (Electrochemical Impedance Spectroscopy)

Electrochemical Impedance Spectroscopy (EIS) is used to measure the dielectric properties
of a material as a function of frequency. It measures the impedance of the material. Based
on the equivalent circuit, the Nyquist plot is drawn as a response to the system. It is the
impedance of a frequency.

a) Cd b)
|
|

Ret WARBURG
IMPEDANCE

Re

—— Rg * Rct
Ret KCy

Figure 19: EIS (a) Equivalent circuit diagram (b)Nyquist plot

In the above figure, Re is resistance which is series resistance at the working electrode-

electrolyte interface, Rct is charge transfer resistance or polarization resistance, and Cd is
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the double layer capacitance which is interface capacitance which is between electrode and

electrolyte, and Warburg impedance which depends on diffusion of reactants.
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CHAPTER 5: RESULTS

5.1 XRD Results
XRD analysis was done to determine the crystal structure of the prepared materials.

XRD diffraction patterns of the synthesized Fe-MOFs are shown and compared to MIL
101 Cr (CSD number 605510 and COF number 4000663). As seen in figure 2, the Fe-
MOFs have obvious absorption peaks at 26 values of 9.35, 10.4, 12.52, 16.1, 18.76, 21.9,
26.2 and 28.4° corresponding to the (110), (101), (102), (103), (005), (202), (007), and
(107) crystallographic planes respectively. The X-ray diffractogram of this Fe-MOF
matches well with the one reported by Nagaraju et al [69]. The introduction of graphene
increases the intensity of (101) peak in Fe-MOF/G indicating enhanced ordering or
interaction with graphene. This peak disappears in FeCu-MOF/G indicating significant

structural changes due to copper incorporation [70].

Upon incorporation Cu species, the sample FeCu-MOF/G displayed XRD patterns that
were like that of Fe-MOFs with the exception of the broadening of (110) peak, which was

attributed to the distortion of Fe-MOF structure caused by copper incorporation[71].
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Figure 20: XRD Analysis

5.2 SEM results

To examine the morphology of the synthesized Fe-MOF, Fe-MOF/G, and FeCu-MOF/G,
SEM analysis was carried out. The SEM images of Fe-MOF and Fe-MOF/G are shown
and polyhedral (Octahedral) crystals are found in Fe-MOF. As the amount of Graphene
increased in Fe-MOF/G, the crystal size decreased gradually. This tells us that an increase
in graphene composition may limit the formation of Fe-MOF) polyhedra, and thus Fe-MOF
crystals on the surface of graphene become smaller and more irregular. Four samples of
each Fe-MOF/G and FeCu-MOF/G were synthesized with 2%, 5%, 10% and 20%
graphene.
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Figure 21: (a,b) PFG2, (c,d) PFGS5, (e,f) PFG10, (g,h) PFG20

The samples with 10% graphene were selected for testing as they showed regular crystals.

After the selection of Fe-MOF with 10% graphene, Copper was introduced into the sample.
Two samples were prepared where one sample was synthesized with 33 wt% copper nitrate
and the other sample was synthesized with 67 wt% copper nitrate. The XRD and SEM
analysis suggested that the sample synthesized with 33 wt% copper nitrate be used as it

showed regular spherical crystals in SEM.
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The FeCu/G MOF has spherical crystals and graphene sheets can be observed. A smaller

amount of graphene sheets resulted in more regular crystals.
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Figure 22: SEM images of (a, b) Fe-MOF, (c, d) Fe-MOF/G, and (e, f) FeCu-MOF/G. [71]

In the SEM analysis of FeCu-MOF/G, Spherical crystals are observed on graphene sheets.

5.3 FTIR Results

The characteristic peaks in Fourier Transform Infrared (FTIR) analysis located at 552, 749,

1016, 1390, and 1598 cm—1 proved the successful formation of Fe-MOF and is shown in
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Fig. 4. Most of the Fe-MOFs characteristic peaks also appeared in the other two samples,
Fe-MOF/G and FeCu-MOF/G, indicating that the structure of Fe-MOF remained stable.
The peak at 552 cm™ represented Fe-O bonds[72], while 749 and 1016 cm™ peaks
corresponded to C-H and C—O—C bending vibrations respectively. The peaks at 1390 and
1582 cm™* represented the symmetric and asymmetric vibrations of O-C=0. Furthermore,
the peak at 1702 cm™ represented C=0 vibrations in Carboxyl groups. which appeared in

all three samples[73]. The peaks at 2935 and 3414 corresponded to COOH and OH
groups[74, 75].
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Figure 23: FTIR Analysis

Due to the interaction of graphene's -OH and -COOH functional groups with those of Fe-
MOF, the peaks at 2935 cm™ in both FeCu-MOF/G and Fe-MOF/G grew weaker [71]. The
SEM results may explain why graphene agglomerates inhibited the formation of Fe-MOF
in FeCu-MOF/G or Fe-MOF/G, as the peak of Fe-MOF in FeCu-MOF/G or Fe-MOF/G at
1502 cm-1 and 1390 cm-1 became slightly weaker [76]. The strength of the Fe-MOF/G
signal at 1672 cm™ altered, indicating a graphene contact. Both Fe-MOF/G and FeCu-
MOF/G exhibited the typical peaks of Fe-MOF, suggesting that the MOF's crystal structure
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persisted in both MOFs. New metal-oxygen interactions were suggested by additional

peaks or changes in intensity in the 550-600 cm-1 range (Fe-O and Cu-O) [4].

5.4 Raman Results

The G and D bands of Graphene are located at 1600 and 1353 cm-1. Several bands of Fe-
MOF are mainly related to the organic ligands, the bands at 1433 and 1145 cm-1 are
assigned to C=0 in the carboxylic group and the C-C bond of the benzene ring,
respectively, and the band appeared at 860cm-1 is assigned to the vibrations of C—H and
the benzene ring. The C-H vibrations of the benzene ring are associated with the band
at 860 cm-1. C=0 peak shifts and varies in intensity, indicating the incorporation of

copper, which might alter the bonding environment and cause these modifications.

C-H

FeCu-MOF/G
Fe-MOF/G
Fe-MOF

Raman Intensity (a.u.)

500 1000 1500 2000 2500 3000 3500 4000
Raman Shift (cm™)

Figure 24: Raman Analysis
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5.5 Electrochemical Testing

All the electrochemical tests were accompanied at room temperature using a GAMRY
1010E electrochemical workstation. The traditional slurry-coating method was used for the
preparation of the working electrode. Firstly, the active material, carbon black and PVDF
in the ratio of 8:1:1 was mixed in NMP and sonicated for 120 minutes to prepare slurry.
Nickel foam with an area of 1cm2 was pretreated, the slurry was pasted into Ni foam, and
the electrode was dried under vacuum and pressed at 10 MPa. To determine the mass
loading of electroactive material, the Ni foam was weighted before and after the loading of

the electroactive material.
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Figure 25 (a-c): Schematic diagram for electrode fabrication and 3-electrode setup[77].

To perform the electrochemical test, the electrode employed was of a relatively higher
mass, in which the mass of electroactive material ranged between 3-4mg. For the analysis

of the charge storage performance of the electrode, a three-electrode configuration was
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employed using a 2 mol KOH solution as electrolyte. Platinum wire was used as a counter
electrode while an Ag/AgCI reference electrode was employed. The CV, GCD, and EIS
tests measured the charge storage performance. The specific capacitance(F/g) of an
electrode was calculated from the GCD curves using the equation:

Cs = (Ixt)/[(m*AV) ............. 1)
Where,
“t” is discharge time(s),
“I” represents current density(A),
“m” is mass off active material(g),
AV is the voltage drop during discharge(V).
55.1 CV (Cyclic Voltammetry)

Cyclic Voltammetry has been carried out to determine the faradaic response of the
synthesized MOFs at different scan rates in the range of 5 mV s-1 to 100 mVs-1 with a
potential window of 0 V to 0.42 V. The nonrectangular shape is shown.

confirms the faradaic redox reaction and the pseudocapacitive nature of MOF electrode
materials. Redox peaks were observed in the CV curves of the MOFs. The peak positions
of samples were at different ranges which represented the unconventional materials having
different polarization. Increasing the scan rate, peaks shifted from their position showing
that the different polarization and redox reaction is limited in less prominent peaks. With
the increase in the scan rate, the specific capacitance decreases as there would be limited
faradaic redox reaction as the availability of the active sites would be lesser in comparison
to the lowest scan rate at which the capacitance would be high due to the availability of

more redox active sites.
The specific capacitance of all three MOFs was calculated at different scan rates by using:

Cs = (J idV)/(Vs*m#AV)............. (6)
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Here Cs represents specific capacitance, | idv is the integrated scan area, Vs represents scan

rate, m is the active mass which was 0.004 mg and AV is the operating potential window.
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Figure 26: Specific Capacitance of Fe-MOF(a); Fe-MOF/G(b); FeCu-MOF/G(c)

55.2 GCD (Galvanostatic Charge/Discharge)

GCD curves of the MOFs were plotted from the range of 3 A g-1to 7 A g-1 in the operating
window of 0 V to 0.42 V. Faradaic behavior of the different MOF materials is revealed
from the GCD curves as all the curves of materials show nonlinear response which suggests
that faradaic reactions occur, and charge storage is due to oxidation and reduction. It is
evident from the curves that FeCu/G exhibits a longer discharge time in comparison with

other MOFs, suggesting that the electrochemical performance of FeCu/G is far superior
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due to the replacement of the synergistic effect of both iron and copper. Also, FeCu/G

shows more discharge time as compared to the other MOFs.
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Figure 27: GCD Curves of Fe-MOF(a); Fe-MOF/G(b); FeCu-MOF/G(c)

GCD is the most accurate way to calculate specific capacitance. Specific capacitance is
calculated by:

Cs = (Ix)/(M*AV) ... (7)

Here, “t” is discharge time, “I” represents current density “m’ is the mass of active material,
and AV is the voltage drop during discharge. FeCu/G shows good specific capacitance of
1132 Ag-1, 952.38 Ag-1 , 904.76 Ag-1, 828.57 Ag-1 and 725 Ag-1 at 3A g-1, 4 Ag-1,
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5A0-1,6Ag-1land 7 A g-1asshown in Fig. Moreover, Fe-MOF and Fe-MOF/G exhibit

less performance as compared to FeCu-MOF/G.
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Figure 28: Specific Capacitance at different current densities of Fe-MOF; Fe-MOF/G; FeCu-MOF/G

55.3 EIS (Electrochemical Impedence Spectroscopy)

For the analysis of the charge transfer resistance (Rct) and solution resistance (Rs), EIS
was performed. The Nyquist plot consists of the Rct, which is the measure of the difficulty
encountered when an electron is shifted from one atom or compound to another. It is quite
like other forms of electrical resistance. The higher the value of Rct measurement, the
greater the energy that is lost during the charge transfer. FeCu/G shows the lowest Rct
value which means that electrons must face less resistance which results in excellent
electrochemical performance of the material. The minimum Rs and Rct values of all the
samples affirmed that all three samples are excellent supercapacitor materials but as
FeCu/G has the minimum Rct value, it is the best material for supercapacitor among all

three samples. The Nyquist plot in Table shows the Rct values of all samples.
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55.4 Cyclic Stability

The cyclic stability rate performance of the FeCu/G was tested by running 6000 cycles at
10Ag-1. It exhibited excellent cyclic performance with 85% capacity retention throughout
the cycles. The extraordinary performance of FeCu/G is due to the introduction of graphene
and bimetallic’ s synergistic effect. They aid in improving conductivity and

electrochemical active sites, resulting in high rate-capability and capacitance.
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Figure 29: GCD at 1%, 3000™ and 6000™ cycle (a); Stability test (b); EIS Plot (c); Charge Transfer
Resistance and Solution Resistance (d)
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CHAPTER 6: CONCLUSION

This comprehensive study sheds light on the significant advancements in supercapacitor
electrode materials. Synthesis, characterization, and electrochemical performance
evaluation of Fe-MOF, Fe-MOG/G and FeCu-MOF/G composites have provided
valuable insights into their potential for practical applications as electrode material for
supercapacitors. Developed composites displayed excellent electrochemical properties.
FeCu-MOF/G exhibited highest specific capacitance value of 1132 F g* at a current
density of 3 A g**. FeCu-MOF/G electrode also demonstrated high cyclic stability and
displayed capacitance retention of 85 % after 6000 cycles at 10 A g™* current density. The
outstanding electrochemical properties of developed composites was attributed to the
presence graphene providing ample nucleation sites resulting in smaller MOFs crystallite
size resulting in high surface area as well as bimetallic’s synergistic effect of Fe and Cu
present in the sample. This synergy provides the higher surface adsorption sites when
coupled with the high electrical conductivity of Cu, enhances the ionic diffusion and

improved electrochemical interactions resulting in lower ESR values.

Furthermore, the findings of this research pave the way for future investigations, such as
exploring different synthetic approaches to optimize the composite material's properties,
investigating its long-term stability under cycling conditions, and scale-up production for
commercial use. It is evident that the MOF and graphene composites hold tremendous
promise for addressing the ever-growing demand of high-performance energy storage

materials in the renewable energy sector.
Future Outlook

The findings of this research pave the way for future investigations, such as exploring
different synthetic approaches to optimize the MOF material's properties, investigating its
long-term stability under cycling conditions, and scale-up production for commercial use.
It is evident that the MOF synthesized in the presence of graphene hold tremendous
promise for addressing the growing demand for high-performance energy storage

materials in the renewable energy sector.
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As the quest for sustainable and efficient energy storage solutions continues, it is
imperative to leverage the knowledge gained from this study and collaborate across
interdisciplinary fields to drive innovation in supercapacitor technology. With further
exploration and development, the Fe-MOF and graphene have the potential to
revolutionize the landscape of energy storage, contributing to the advancement of green

energy solutions and addressing global environmental challenges.
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