Hierarchical nitrogen-doped carbon nanotube-
carbon nanofiber-based networks for

electrochemical capacitors

UNIVERSITY OF THE

WITWATERSRAND,
JOHANNESBURG

Thapelo Prince Mofokeng (1746729)

A thesis submitted to the Faculty of Science, University of the Witwatersrand, Johannesburg,

in fulfilment of the requirements for the degree of Doctor of Philosophy.

Supervisors: Dr. Zikhona N. Tetana and Prof. Kenneth I. Ozoemena

Johannesburg, June 2021



Declaration

| declare that this thesis is my own, unaided work. It is being submitted for the Degree of

Doctor of Philosophy at the University of the Witwatersrand, Johannesburg. It has not been

submitted before for any degree or examination at any other University.

T 3 oy
Signature: ... Diese =7 . Date: ...14 June 2021...

THAPELO MOFOKENG



Dedication

This work is dedicated to my family

‘All that I am, and all that I ever will be, it is because of you”

Thank You

. _________________________________________________________________]
THAPELO MOFOKENG i



Acknowledgements

Although words alone are insufficient to express my gratitude to all those who stood by my
side and helped me during my PhD studies, | would like to express my heartfelt gratitude for

their efforts.

First and foremost, | would like to express my gratitude to Professor Kenneth 1. Ozoemena, my
co-supervisor, for developing a unique research and development environment in which | was
able to explore various fields of science. |1 would like to thank Professor Ozoemena for
believing in my ideas, allowing me to explore and work on them, and, most importantly, for
believing in me. Professor Ozoemena practically taught me everything 1 know today on
materials chemistry and electrochemistry. Without his wise counsel and unwavering
encouragement, | would not have been able to make any progress in my study. Professor
Ozoemena's approach to science, management and life inspires me greatly, especially in terms

of furthering my academic career.

My supervisor; Dr. Zikhona N. Tetana, for her constructive criticism, empathy and motivation.
Working with her for the past three years has been a true honour. |1 owe her a huge debt of
gratitude for believing in me and all she has done for me. She did not only provide me with
resources but also taught me to become an independent researcher. Her mentorship and advice

would be a lifelong asset to me in my future career endeavours.

I would like to express my gratitude to all my collaborative supervisors and mentors. Professor
Neil J. Coville, Dr. Manoko S. Maubane-Nkadimeng, Dr. Adewale K. Ipadeola, Dr. Patrick V.

Mwonga and Dr. Aderemi B. Haruna for their contributions to my research and support.

. _________________________________________________________________]
THAPELO MOFOKENG ii



My sincere thanks go to the staff members of the Microscopy and Microanalysis Unit at the
University of the Witwatersrand for providing the training and assistance with electron

microscopy work.

Dr. Funeka P. Nkosi was instrumental in exposing me to the world of supercapacitors and
batteries. Thank you for your advice, contributions and help when | needed it. My sincere

thanks to Prof. Noshipo Moloto for allowing me to use her laboratory and equipment.

I am also privileged to be a member of the CATMAT research group. It has been a true pleasure
to work with all the group members (past and present) and | am grateful for the fruitful
conversations and constructive criticism that occurred during seminars and practice talks.

Being a member of the research group was a fantastic experience and a great pleasure.

Thanks to my supercapacitor colleagues Bokome Shaku, Sebenzile Shabalala, Thokozani

Tsoari and Irfan Habib for their assistance and never-ending discussions.

This research would not have been possible without the financial support of the DSI-NRF
Centre of Excellence in Strong Materials and the African Materials Science and Engineering

Network (AMSEN), Carnegie-IAS RISE Network grants.

| would also like to express my gratitude to my family for supporting me in all my professional

and educational endeavours.

Finally, I would like to thank God for the mercy and grace He has given me. His love has never
failed me. | thank Him for this opportunity, and | praise Him for providing me with the strength

and determination to complete this degree.

. _________________________________________________________________]
THAPELO MOFOKENG iv



RESEARCH OUTPUTS

1. Mofokeng, T.P., Tetana, Z.N. and Ozoemena, K.I., 2020. Defective 3D nitrogen-doped
carbon nanotube-carbon fibre networks for high-performance supercapacitor:
Transformative role of nitrogen-doping from surface-confined to diffusive kinetics.
Carbon, 169, pp.312-326.

2. Mofokeng, T.P., Ipadeola, A.K., Tetana, Z.N. and Ozoemena, K.l., 2020. Defect-
Engineered Nanostructured Ni/MOF-Derived Carbons for an Efficient Aqueous Battery-
Type Energy Storage Device. ACS Omega, 5(32), pp.20461-20472.

3. Mofokeng, T.P., Shabalala, S., Haruna, A.B., Tetana, Z.N. and Ozoemena, K.l. Rod-like
Nao.44sMnO; as electrode material for aqueous asymmetric capacitors (to submit-2021).

4. Mofokeng, T.P., Shabalala, S., Tlhaole, B., Ipadeola, A.K., Haruna, A.B., Linganiso, C.E.,
Tetana, Z.N. and Ozoemena, K.I. Water-In-Salt” electrolyte-based high-voltage (3.0 V)

Nao.44sMnO2 asymmetric capacitor (to submit-2021).

. _________________________________________________________________]
THAPELO MOFOKENG v



CONFERENCES

1. Effect of time on the growth of carbon nanotube on top of carbon fibre networks for high-
performance symmetric supercapacitor. Poster presentation at 43 SACI national
convention: Chemistry for a sustainable African economy 2" to 7" December 2018, CISR
— ICC, Pretoria. South Africa.

2. Nitrogen-doped carbon nanotube-carbon fibre networks for high-performance symmetric
supercapacitor. Poster presentation at Energy Storage and Industry 4.0: Challenges and
Prospects (ENSTIN 2019) 31 July-2 August 2019; KwaMaritane Bush Lodge, Pilanesberg
National Park, South Africa.

3. Nitrogen-doped carbon nanotube-carbon fibre networks for high-performance symmetric
supercapacitor. Poster presentation at 70th Annual Meeting of the International Society of
Electrochemistry 4 - 9 August 2019, Durban, South Africa.

4. Nitrogen-doped carbon nanotube-carbon fibre networks for high-performance symmetric
supercapacitor. Oral presentation 10th WITS Cross-Faculty Postgraduate Symposium,
September 2019, Johannesburg, South Africa.

5. Nitrogen-doped carbon nanotube-carbon fibre networks for high-performance symmetric
supercapacitor. Oral presentation at the 2019 NYRS Symposium, December 2019, Pretoria,
South Africa.

6. Defect-Engineered Nanostructured Ni/MOF-Derived Carbons for an Efficient Aqueous
Battery-Type Energy Storage. Oral presentation 11th WITS Cross-Faculty Postgraduate

Symposium, October 2020, Johannesburg, South Africa.

. _________________________________________________________________]
THAPELO MOFOKENG vi



PROFESSIONAL ORGANIZATIONS

1. Member, South African Chemical Institute.

2. Member, International Society of Electrochemistry.

AWARDS, HONOURS and PRIZES

1. Awarded the prestigious DSI-NRF Centre of Excellence in Strong Materials, 2018-2020.
2. Awarded the African Materials Science and Engineering Network (AMSEN), Carnegie—

IAS RISE Network grant, 2021.

Student supervision

1. I supervised two Honours students at the University of the Witwatersrand, Johannesburg,

South Africa.

. _________________________________________________________________]
THAPELO MOFOKENG vii



ABSTRACT

In this thesis, various electrode materials were fabricated and investigated as electrode

materials for supercapacitor applications.

This research investigated the electrochemical properties of nitrogen-doped carbon nanotubes
supported on electrospun carbon nanofiber networks (N-CNT@CF) hybrid material in
symmetric and asymmetric capacitors. In addition, the storage kinetics of various energy
storage mechanisms were thoroughly investigated. Field-emission scanning electron
microscopy (FE-SEM), transmission electron microscopy (TEM), powder X-ray diffraction (P-
XRD), Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and Brunauer-Emmett-
Teller (BET) analysis were used to determine morphology, crystallinity, defects, elemental
composition and the structural porosity of all the materials synthesized. In addition,
electrochemical techniques such as cyclic voltammetry (CV), galvanostatic charge-discharge
(GCD), electrochemical impedance spectroscopy (EIS) and cycle stability tests were
performed for all materials in aqueous electrolytes using both the three (3) and two (2) electrode

configurations.

Firstly, a hierarchical nanostructure of nitrogen-doped CNTs supported on electrospun CNF
networks (N-CNT@CF) was synthesized using two simple techniques: electrospinning and
chemical vapour deposition (CVD). The N-CNT@CF hybrid structure revealed that uniform
N-CNTs were directly grown on the surface of carbon nanofiber networks, resulting in the
creation of a hierarchical nanostructure with a high surface area and high porosity. The
interactions between N-CNTs and CF networks were discovered to improve the electrical
conductivity and electrochemical stability of the material. As a result of the unique hierarchical

structure and physicochemical properties, the as-synthesised N-CNT@CF composite material
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demonstrated exceptional electrochemical performance with a reversible specific capacitance,
outstanding rate capability and long cycling stability. The symmetric device (N-CNT@CF//N-
CNT@CF) on the other hand, showed a specific energy density of 5.5 Wh kg™ with a power
density of 254 W kg™. The real-world practical application of N-CNT@CF electrode material

was shown by powering an LED bulb.

Secondly, a hybrid supercapacitor device was assembled with N-CNT@CF as the negative
electrode and AT-Ni/MOFDC as the positive electrode. The hybrid device designated N-
CNT@CF//AT-Ni/MOFDC shows a specific capacity of 10 mAh g at 0.5 A g*. In comparison
to the symmetric device (N-CNT@CF//N-CNT@CF), the N-CNT@CF//AT-Ni/MOFDC
hybrid capacitor exhibits a higher energy density of about 8 Wh kg with a power density of
400 W kg?, as well as excellent cycling performance (94 % capacity retention after 2,000

cycles).

An asymmetric supercapacitor (ASC) device was also assembled with N-CNT@CF as the
negative electrode and Nap.44MnO: as the positive electrode. The ASC device designated as N-
CNT@CF//Nag.4sMnO2 shows a high gravimetric and volumetric capacitance of 47 F g, 86 F
cm3, respectively. Furthermore, a high energy density of 21 Wh kg and a power density of

450 W kgt were obtained at 0.5 A g

Finally, an asymmetric supercapacitor device operated in a “water-in-salt” electrolyte was
developed, using Naog.4MnO2 nanowires and N-rGO as positive and negative electrodes,
respectively. The N-rGO//Nao.44sMnO, ASC device was operated in a wide potential between 0
and 3 V in AWIS aqueous electrolyte and exhibits a maximum specific capacitance of 61 F g
1. The energy density of 75.8 Wh kg at a power density of 1125 W kg ~* was obtained and

remains 31 Wh kg ~* at a power density of 7500 W kg 2.
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Thus, the results obtained from this study show that the unique 3D hierarchical N-CNT@CF
networks is a promising electrode material and can be used as an anode material for asymmetric

supercapacitors.
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CHAPTER 1

Introduction

In this chapter, the background and motivation for the study are briefly described. The chapter

also includes the aim and objectives of the study, as well as the thesis outline.

1.1 Background and motivation

One of the biggest challenges facing humankind and planet earth in the modern era is, without
a doubt, climate change. The anthropogenic signs and impacts of climate change are obvious
for all mankind to see and experience. Climate change is believed to result from the ever-
increasing human population and their reliance on burning fossil fuels for the production of
energy. To date, fossil fuels play a dominant role in global energy systems, however, due to
their high demands they are starting to deplete in some parts of the world [1]. Besides limited
fossil fuel reserves, burning fossil fuels give rise to environmental pollution (air and water
contamination and greenhouse gas emissions) which deteriorate the health and wellbeing of

society’s ecosystem [2].

Collateral to the above-mentioned problems, the migration to the fourth industrial revolution
(4IR) also adds pressure on the energy sector to accelerate the sustainable production of
renewable energy. The need to utilize environmentally clean energy resources and develop
their technologies is a serious global goal. For the past two decades, different types of
renewable energy production such as wind, solar, hydropower and ocean energy have been
intensively investigated [3-5]. These energy resources are sustainable and environmentally

friendly, however, they are intermitted in nature and depend on geographic conditions [6].
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In South Africa, over 80 % of electricity produced by the national power utility company, the
electricity supply commission (Eskom) is from coal-fired power plants [7]. Eskom has been
struggling with mismanagement, debts and failing power plants for the past few years. As a
result of these challenges, South Africans have been experiencing disrupted power supply
(load-shedding) for certain hours in a day due to the inability of the power grid to cope with
the high demand of energy at a given time. These power cuts do not only affect the living
condition of ordinary South Africans but are also associated with a decline in industrialization
and slow economic growth. The uncertainty of the supply of electricity has large economic
implications since the industrial sector is the main economic contributor to South Africa’s gross

domestic product (GDP) [8].

Therefore, to avoid situations like load-shedding and uncertainty in the supply of electricity,
the global energy landscape is changing rapidly towards the use of environmentally friendly
and sustainable energy technologies. This is not different from the energy sector in South
Africa, which has also started to join the world with the introduction of new technologies,
including the use of roof-top solar photovoltaics and solar geysers. This paradigm shift towards
the use of renewable energy can greatly reduce the demand for the supply of electricity faced
by Eskom. South Africa is one of the most geographically privileged nations in the world,
benefitting from high wind speeds in coastal areas and high solar irradiance in places like
Northern Cape and Limpopo province. This places the country at an advantage to generate
more electricity from renewable energy systems (RES). In addition, the generation of
electricity from RES will not only help in diversifying the energy supply but also minimize the

use of fossil fuels and hence reduce greenhouse gas emissions.

Nevertheless, due to the intermitted nature of renewable energy, a lot of concerns arise based

on the feasibility of an uninterrupted autonomous supply of electricity from technologies such
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as solar panels and wind turbines [9]. For example, the electricity produced from solar panels
is more powerful in midday as compared to the evening and early hours of the morning where
usually the demand is higher (peak-hours). Also, the sun does not shine all day and night, and
the wind does not flow at high speeds based on our demands. In addition, the batteries currently
used to store solar energy have low capacity. Consequently, solar and wind power alone or
independently, are not yet sufficient solutions to deal with the increasing demand for energy
[10]. Under this situation, the evolution of the next generation of large-scale energy storage
systems is necessary to further improve or widen the utilization of renewable technologies.
Supercapacitors and rechargeable batteries are examples of energy storage systems that use an
electrochemical mechanism to store electricity. When these devices are coupled with
renewable energy technologies, it is anticipated that the reliability and sustainability of solar

and wind energy would be improved.

1.1.1 Energy storages systems

One of the main purposes of energy storage systems is to provide alternative energy when the
primary source is inadequate. As mentioned earlier, the current stage of renewable energy
systems faces challenges due to their significant fluctuations in electricity generation,
especially during high power demands. In addition, when these technologies supply electricity
off-grid (not connected to the power grid), storage devices are essential to maintain a constant
power supply. Thus, when considering reliable and sustainable use of renewable energy
technologies, electrochemical capacitors (ECs) and batteries take a centre stage for highly

efficient energy storage and management.

There are different electrochemical storage devices used for different applications based on the
specific power and energy required. Batteries are electrochemical energy storage devices that

are famous because of their superior energy density characteristic. However, their low power
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density and safety concerns (explosions and use of toxic chemicals) turn to limit their
widespread application. On the other hand, electrochemical capacitors (ECs), also referred to
as supercapacitors (SCs), have been widely investigated as advanced energy storage devices
for decades ever since they were found to potentially complement batteries [11]. The energy
storage in SCs arises from either an electrochemical double-layer or reversible redox reaction
at the electrode/electrolyte interface. SCs are known for their high energy density compared
with conventional capacitors and high-power density compared with batteries. Also, the
electrode materials utilized in SCs remain relatively unchanged during charge/discharge
cycles, which gives SCs excellent long cycle stability as compared to batteries. Therefore, SCs
can deliver a considerable amount of energy within a short space of time (high power density)
and can operate within a wide temperature range [12]. These characteristics make SCs have a
wide potential application such as in portable electronics, electric vehicles, and energy

harvesting systems like solar panels and wind turbines [11-14].

Based on their storage mechanisms, supercapacitors can be classified into three types: (i)
electrochemical double-layer capacitors (EDLCs), (ii) pseudocapacitors and (iii) hybrid
capacitors. The EDLCs physically store charges at the electrode/electrolyte interface by
adsorption and desorption of electrolyte ions. Pseudocapacitors, on the other hand, use a redox
reaction (Faradaic) a few nanometres from the electrode surface to store charges [16]. The
hybrid capacitors use both the EDLCs and pseudocapacitance/battery-type storage mechanism.
The electrode materials for the EDLCs are generally made of carbon, while those of
pseudocapacitors are made of transition metal oxides or conductive polymers. Different kinds

of electrolytes such as aqueous and organic are normally used in SCs.

The performance of the SCs device is mainly determined by the electrode material, electrolyte,

and cell configuration. However, most of the investigations have been done on electrode
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materials. The common electrode materials are carbon-based materials [17], metal oxides [18],
and polymers [19]. Among these electrode materials, carbon-based materials have received the
most attention because of their desirable properties such as low cost, high specific surface area,

high conductivity and chemical stability, making them the model electrode material for SCs.

Different types of carbon materials such as activated carbon, carbon nanotubes (CNTSs), carbon
nanofibers (CNFs), carbon spheres (CSs) and graphene were used before as electrode materials
for SCs [17]. However, even though these materials show promising electrochemical
performance, they suffer from low energy density, which turns to limit their widespread
application for SCs. Thus, scientists and engineers have looked at different ways to improve
the energy density of carbon materials. This led to the development of new synthesis methods
which enables functionalization and the fabrication of different carbon morphologies that can

improve the energy storage properties of carbonaceous materials.

In recent years, a lot of efforts have been done to develop carbon-based composite/hybrid
electrodes for SCs. Different kinds of composites such as carbon nanotube/carbon nanofibers
(CNTSs/CNFs) [20], graphene/CNTs [21] and MnO.@CNFs [22] have been used as electrodes
for supercapacitors. These composite materials have been reported to have enhanced
physiochemical and electrochemical properties compared to their components [23]. The
enhanced properties are attributed to the synergy among the individual components which turn

to make the composites to be multifunctional materials.

Furthermore, it has been stated that heteroatom doping of carbon materials with nitrogen or
boron improves the electrochemical properties of carbon electrodes [24]. Heteroatoms can alter
the electronic properties of carbonaceous materials and increase charge carrier density, causing

surface redox reactions. In addition, the electronic conductivity, surface wettability and
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capacitance of heteroatom-doped carbon are enhanced by these changes in the carbon matrix

[25, 26].

The essence of charge storage in Faradaic materials is controlled by redox reactions on the
surface of the material. The Faradaic electrochemical processes arise both on the surface and
in the bulk near the surface of the electrode [27]. As a result, Faradaic materials play a critical
role in providing high specific capacity and energy at the same time, which is an advantage in
energy storage devices [28]. Pseudocapacitors are very much different from EDLCs in their
nature of charge storage, in that they are governed by a chain of Faradaic reactions and store
energy through fast redox reaction [29]. The reversible redox reaction at the surface of the
electrode material, contributes more storage charge than EDLC materials, resulting in a higher

capacitance.

Hybrid device, on the contrary, use both the properties of the EDLCs and the
pseudocapacitive/battery-type electrode materials in a two-electrode system. Thus, since the
hybrid device uses a configuration with a Faradaic electrode and a non-Faradaic electrode, the
hybrid device can overcome the energy density constraint of traditional EDLCs, resulting in

higher energy density [30].

Ni-based materials have attracted more attention as battery-type electrode materials, due to
their well-defined redox nature, high theoretical specific capacity and good chemical
compatibility in alkaline medium [31]. However, Ni-based materials have some drawbacks,
such as low electrical conductivity, low-rate performance and short lifespan, which make them
difficult to use in high-performance SCs [32]. The most effective way to crack this bottleneck
is to use Ni-based materials as hybrid electrodes with electrical double-layer capacitor
materials, which is known to improve electrical conductivity, energy density and cycle

stability. However, because of the poor binding force between Ni-based materials and carbon-
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based materials, as well as the lack of active sites in Ni-based materials, charge separation is

often slow, reducing the synergistic effect between Ni metal and carbon species [33].

Na-ion capacitors (NICs), on the other hand, have attracted a lot of research attention due to
their high energy density [34]. The NICs are usually assembled by a Faradaic sodium-
intercalation positive electrode (such as NaMnQO2) with a non-Faradaic capacitive negative
electrode (typically a carbonaceous material) in an aqueous electrolyte. The Faradaic sodium-
intercalation materials deliver high energy, while the non-Faradaic capacitive material provides
high power density and excellent cycling stability. The trade-off between the power density
and energy density of the NICs provides an opportunity to effectively improve energy density.
The majority of NICs, on the other hand, have low power densities and poor cycling stability
[35]. As a result, enhancing cycling life and rate capability without losing energy density
remains a significant challenge in the development of high energy density capacitors. This

exciting path could be realized if electrode materials and electrolytes are properly chosen.

The electrode materials used in this study were composite materials made up of carbon and
transition-metal oxides, which were combined in an asymmetric system to improve the energy

density and cyclic stability of hybrid supercapacitors.

1.2 Aim and objectives

1.21 Aim

This research was aimed at synthesizing and characterizing 3D hierarchical nitrogen-doped
carbon nanotube grown on top of carbon nanofiber (N-CNT@CF), nickel-based metal-organic
frameworks derived carbon (Ni/MOFDC) and sodium manganese oxide (Nao.4zMnO3) as

enhanced electrodes for supercapacitor application.

1.2.2 Objectives

The research objectives are as follows:
|
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» To synthesize polyacrylonitrile (PAN) nanofibers fibres using the electrospinning
technique.

» To grow nitrogen-doped carbon nanotubes (N-CNTSs) on top of carbon nanofibers.

» To synthesize nickel-starved metal-organic framework derived carbon (AT/Ni-
MOFDC).

» To synthesize sodium manganese oxide (Nao.44sMnO>).

» To study the structure, morphology and composition of the synthesized materials.

» To investigate the electrochemical properties and performance of the N-CNT@CF
hybrid for symmetric supercapacitor in an aqueous electrolyte.

» To investigate the electrochemical properties and performance of the N-CNT@CF
[IAT/Ni-MOFDC for asymmetric supercapacitor in an aqueous electrolyte.

» To investigate the electrochemical properties and performance of the N-CNT@CF
//Nao.44sMnO; in asymmetric capacitors in different electrolytes.

» To investigate the electrochemical properties and performance of the N-rGO

//Nap.44MnO; in asymmetric capacitors using “water-in-salt” electrolytes.

1.3 Thesis outline

The following are the chapters that make up this thesis:

Chapter 1: Is the introductory chapter giving the research background, the motivation for the

study and the aim and objectives of the study.

Chapter 2: Details the literature review that gives the background and core principles of
energy storage devices and particularly symmetric and asymmetric supercapacitors. Materials

for electrodes are also reviewed.

Chapter 3: Presents the experimental methods which include material fabrication and

characterization techniques used in the study.
|
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Chapter 4: Provides the results and discussion of N-CNT@CF//N-CNT@CF symmetric

supercapacitor.

Chapter 5: Provides the results and discussion of the N-CNT@CF//AT/Ni-MOFDC hybrid

supercapacitor work.

Chapter 6: Provides the results and discussion of the N-CNT@CF//Nao.44sMnQO> asymmetric

supercapacitors.

Chapter 7: Provides the electrochemical results and discussion of the N-rGO//Nao.42sMnO>

asymmetric supercapacitor using water-in-salt electrolytes.

Chapter 8: Provides the concluding remarks and recommendations for future work.
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CHAPTER 2

Literature review

2.1 Energy storage systems

Since the discovery of electricity, a lot of research work has been done to look for effective
methods to store energy and release it when required [1, 2]. This is even more important
nowadays due to the vast utilization of intermitted renewable energy-based technologies such
as solar and wind power. Energy storage systems in renewable energy are mainly used to store
electricity during periods of relatively high production and low demand, then release it back to
the electric power grid during periods of lower production or higher demand [3, 4]. In most
cases, energy storage may provide economic, reliable and environmental benefits. However,
this depends on the extent to which it is deployed. Energy storage could help the utility grid
operate more efficiently, reduce the likelihood of blackouts (load-shedding) during peak
demand and allow for more renewable resources to be built and utilised. They are four main
categories of energy storage: (i) mechanical energy storage, (ii) thermal energy storage, (iii)
chemical energy storage and (iv) electrochemical energy storage. This thesis will only focus

on different types of electrochemical energy storage devices.

Energy storage and release in an electrochemical device occur in two fundamentally different
ways: (i) via the Faradaic process where oxidation and reduction reactions take place between
the electrolyte and electrode material and (ii) through non-Faradaic electrostatic interactions
[5]. In a Faradaic reaction, chemical potential energy is stored and released through redox

reactions of electrochemically active species, while in a non-Faradaic interaction, the energy is

. _________________________________________________________________]
THAPELO MOFOKENG 14



stored electrostatically. Lithium-ion batteries (LIBs), lead-acid batteries and capacitors are the
three most popular electrochemical storage devices used in our society. High-energy-density
batteries and high-power-density capacitors are currently being considered to meet rising
energy demands [6]. Capacitors are categorized into three groups: (i) electrostatic capacitors,

(ii) electrolytic capacitors and (iii) electrochemical capacitors [7].

Electrochemical capacitors (ECs), also referred to as ultracapacitors or supercapacitors, are
devices that store energy and are currently being researched in a variety of academic and
industrial laboratories since they can be used as complementary charge storage devices to
traditional batteries in a variety of applications requiring peak power pulses [8]. A
supercapacitor is a type of energy storage device that possesses higher energy density than
conventional capacitors. Also, supercapacitors often have capacitances that are several orders
of magnitude greater than conventional capacitors [9]. This device can store ten to one hundred
times more energy per unit volume/mass compared to the conventional capacitor, accept and
release charge much faster than batteries and withstand far more charge and discharge cycles
than rechargeable batteries [10]. The Ragone plot (Figure 2.1) depicts comparisons within the

energy storage systems.
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Figure 2.1: Ragone plot depicting specific energy versus specific power for various energy

storage and conversion devices [11].

As it can be seen from the Ragone plot, batteries generally have higher energy densities than
supercapacitors but suffer from low power density. Supercapacitors have superior
electrochemical properties compared to secondary batteries, such as high-power density, long
cycling performance [12]. Furthermore, supercapacitors have excellent reversibility and
stability over a wide temperature range [13-15], while during the charge-discharge process,
battery materials experience irreversible phase shifts, thereby dramatically reducing their life
cycle [16, 17]. Therefore, when a high-power density system with rapid charging and

discharging is needed, supercapacitors are an attractive energy storage device.
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2.2 Supercapacitors

Supercapacitors (SCs) are energy storage devices that work similarly to conventional
capacitors. However, unlike conventional capacitors, which store charge by accumulating it at
the two electrodes, SCs uses a slightly different mechanism. SCs store energy using two
different surface phenomena: “electrochemical double-layer (EDL)” and “surface redox
reactions”. The former is based on non-Faradaic charge separation at the double-layer (e.g.,
electrode/electrolyte interface), while the latter is based on fast Faradaic redox reactions of
electroactive materials at the interface [18, 19]. SCs operate by passing a voltage between two
electrodes (cells) merged between an ion-permeable separator that prevents electrical contact
(short-circuiting) while allowing electrolyte ions to pass between the electrode and the
electrolyte solution, whereas, in a conventional capacitor, the electrodes are separated by an
insulating layer that holds the charges apart when a voltage is applied, as illustrated in Figure
2.2 [20, 21]. Unlike conventional capacitors, SCs use porous materials, such as carbonaceous
materials like carbon nanotubes (CNTSs) [22], carbon nanofibers (CNFs) [23], graphene [24]
and activated carbon [25]. This enables a large amount of charge to be stored, resulting in

incredibly high capacitance that is higher than conventional capacitors.
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Figure 2.2: Schematic of (a) conventional capacitor and (b) supercapacitor [26].
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2.3 Energy storage principle in SCs

Based on their energy storage mechanism, SCs are classified into three categories:

i.  Electric double-layer capacitors (EDLCs) arising from the build-up of charges at the
electrolyte/electrode interface.
ii.  Pseudocapacitors is related to the storage from fast redox reactions.
iii.  Hybrid capacitors combine the individual characteristics of both EDLC and
pseudocapacitors and can be arranged in various architectures to form different

subgroups.

The performance of SCs is largely controlled by the energy storage mechanism, the materials
used for electrodes, the type of electrolyte and device assembly. Figure 2.3 displays a flow

chart that portrays each of these supercapacitor groups in terms of charge storage mechanism.
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Figure 2.3: The classification of supercapacitors based on their charge storage mechanism
(Adapted from Ref. [27]).

2.4 Energy storage mechanism of SCs

2.4.1 Electric double-layer capacitance (EDLC)

When potential is applied across the EDLCs device, accumulation and release of electrostatic
charge occur via a withdrawal or deposition of electrons in the anode or cathode [28]. The
positive or negatively charged surface is balanced by an accumulation of oppositely charged
ions from the electrolyte forming a double-layer of positive-negative charges (and vice-versa)
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that ideally remains electrostatic having no electron transfers between the layers throughout
the process. The concept of EDLC was discovered by von Helmholtz in the 191" century and is

well known as the “Helmholtz double layer” model [29, 30].

According to the Helmholtz double-layer model, two layers with different charges condense
between the electrode and electrolyte separated by an atomic distance, as shown in Figure
2.4a. With two planar electrodes separated by a small gap, this arrangement is identical to
traditional dielectric capacitors [31]. The capacitance estimation for the EDLC is generally

calculated using equation 2.1:

C = ; (21)

where &r denotes the electrolyte permittivity, e, denotes the dielectric constant or permittivity
of vacuum, A denotes the surface area of the active material and d is the thickness of the electric

double-layer.

After Helmholtz proposed the double-layer model, Gouy and Chapman modified the model
(see Figure 2.4b) by using a diffusion layer in the electrolyte to account for the continuous

distribution of electrolyte ions (both cations and anions) induced by thermal motion [32].
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Figure 2.4: Models of the electrical double layer at a positively charged surface: (a) the

Helmholtz model, (b) the Gouy—Chapman model and (c) the Stern model (Adapted from Ref
[32]).

Stern later merged the Helmholtz and Gouy-Chapman models because the Helmholtz and
Gouy-Chapman models did not account for a variety of important factors. The Helmholtz
model omitted the diffusion of the ions within the electrolyte, together with the relationship
between the electrolyte dipole moment and the active material. Two ionic transport areas are
involved in the Stern model: the diffuse layer and the inner layer (Stern layer or compact layer)
as shown in Figure 2.4c [33]. Adsorbed ions make up the compact layer. These adsorbed ions
are grouped into two types: (i) the inner Helmholtz plane (IHP) and (ii) the outer Helmholtz
plane (OHP) [32]. Consequently, the overall capacitance in the EDLC can be thought of as the
sum of these two regions: (i) the Stern type of compact double layer capacitance (Cw) and (ii)

the diffusion region capacitance (Cpirf) and is expressed as in equation 2.2 [32].

1 1 1
-y 2.2
Cs Cu  Cpy (2.2)

In an EDLC device, the electrochemical performance of the active material is controlled by the

electric field across the electrode, the electrolyte ions, the solvent used to dissolve the
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electrolyte ions and the chemical affinity between the electrode material and the electrolyte
ions. The EDLC electrode is usually made of porous materials like CNTs, CNFs, graphene,
and activated carbon, hence, the charge storage behaviour on the inner surface is more
complicated than on the outer surface. The porosity, electrolyte resistance and the wettability
of the electrode surface by the electrolyte all influence the EDLC behaviour. The EDLCs are
similar to batteries in construction, however, the difference is that in EDLCs both the cathode
and anode are porous materials such as activated carbons (ACs) coated on a current collector
and placed between an ion-permeable separator. The charges at the electrodes are polarized
when voltage is applied, with an equivalent number of oppositely charged electrolyte ions at

the surface of the electrode material, as illustrated in Figure 2.5.

Ion permeable separator

Carbon in contact

with the electrolyte
Current collector

+

®
©

Electrolyte ions

| VA [ | Simple electric circuit

Figure 2.5: EDLC with porous electrodes in a charged state with equivalent circuit (Adapted
from [34]).
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2.4.2 Pseudocapacitors

The term “pseudocapacitance” was first defined by Conway to describe materials with
electrochemical signatures (i.e., cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD)) that are similar to those of EDLC capacitors, but with a different charge storage
mechanism [35]. On the other hand, pseudocapacitive reactions are Faradaic, storing electrical
energy at or near the electrode surface through quick and reversible redox reactions. Since
charge storage involves redox reactions, the electrode material reacts similarly to a battery.
However, the electrochemical response shows quasi-rectangular CVs and close to linear GCD
curves, which are similar to the EDLCs, suggesting surface redox reactions not constrained by
solid-state diffusion [36, 37]. Materials undergoing such redox reactions include several metal
oxides, such as RuO2, MnO> and Co304 and conducting polymers (CP) [38]. There are two key
charge storage mechanisms in pseudocapacitive materials: (i) surface redox pseudocapacitance

and (ii) intercalation pseudocapacitance, which are both described in the subsequent sections.

2.4.2.1 Surface redox pseudocapacitors

The charge-storage process in pseudocapacitors results from charge transfer near the surface
of the electrode. As shown in Figure 2.6d-f, the CV and GCD profiles for surface-redox
pseudocapacitors are similar to those of EDLCs (Figure 2.6a—c), implying that charge storage
and the entire potential window are linearly related [39]. But this does not suggest that
pseudocapacitors only store charges using the double layer mechanism. Surface redox
pseudocapacitive materials store charges using both faradaic and non-faradaic mechanisms
[39]. The materials that show this kind of electrochemistry signature are referred to as intrinsic
pseudocapacitive materials. RuO2 and MnO. are the most studied intrinsic pseudocapacitive
materials. These materials can store charge in two ways: (i) through Faradaic electron transfer

by accessing two or more redox states of metal centres (e.g., Mn(l11) and Mn(1V)) and (ii) by
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non-Faradaic charge storage in the electrochemical double layer present at the surface of these
materials [35]. Using MnO; as an example, Figure 2.6(e, f) depicts the electrochemical
response of redox pseudocapacitors. MnO> stores charges in the +4 and +3 oxidation states of

manganese by surface redox reactions as shown in equation 2.3 [40].
MnO,+ x A"+ xe" = A,MnO, (2.3)

The symbol “A” in the above reaction system represents an alkali metal cation (e.g., Li*, Na*or
K%)

The two distinct mechanisms (EDLC and pseudocapacitance) are induced by separate physical
processes and electrode materials. Therefore, the relationship between potential and charges
accumulated at the electrode/electrolyte interface or within the inner surface of the electrode

material can be explained by their electrochemical characteristics [39]. As a result, without

these electrochemical characteristics, the materials cannot be labelled as pseudocapacitive.
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Figure 2.6: Energy storage mechanisms along with their electrochemical signatures: (a—c)
electrical double layer capacitance, (d-f) surface redox capacitance, (g—i) intercalation
capacitance and (j—I) faradic battery-type [39].

2.4.2.2 Intercalation pseudocapacitors

As shown in Figure 2.6g-i, the intercalation pseudocapacitor process involves the
incorporation of an electrolyte ion into the bulk lattice of the redox-active material with a
Faradaic charge transfer. During insertion, several electrons are transferred to the host to
preserve the electrical neutrality of the electrode [40]. Furthermore, the current is normally
proportional to scan rate and peak potentials do not change significantly with scan rate. Another
key characteristic is that phase transformations of the materials does not occur during
intercalation. Equation 2.4 describes the general reaction mechanism of intercalation

pseudocapacitors:
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MA+x Li'+ xe"<> Li,MA, (2.4)

In the above reaction mechanism, the symbol MAy represents metal oxide such as TiOs. In
comparison to EDLCs, the charge storage mechanism for the intercalation pseudocapacitance
is not confined to the surface, allowing for the reversible faradic electrochemical reactions to

take place in the bulk of the materials, as shown in Figure 2.6g-i [39, 41].

2.4.2.3 Battery-type Faradaic reaction

One of the hottest debated topics in electrochemistry is the difference between
pseudocapacitive and batteries-type electrodes [35, 39, 42]. This is due to the misunderstanding
of battery-type electrodes being reported as pseudocapacitor [43]. It is advised that when
analysing electrochemical data on a new nanomaterial, the first question a researcher can ask
is whether the material is battery-like or capacitor-like. When it comes to redox reactions,
traditional battery-type electrode materials vary from capacitor-like electrode materials in that
phase changes of electrode materials occurs during the electrochemical process. Therefore,
battery-type electrodes clearly show separate oxidative and reductive peaks from their CVs
(see Figure 2.6K) or constant-current charge/discharge curves with obvious plateaus (Figure
2.61). The typical battery materials include Ni(OH)2 and other common metals such as Co, Cu
and Cd as well as their oxide/hydroxide. Unlike capacitive charge storage, charge storage by
battery-type electrodes follows a nonlinear relationship with the applied potential, making
reported capacitance for the above-mentioned electrode materials unambiguously incorrect.
Since the “average capacitance (F)” is not directly proportional to the potential window, it is
important to measure the capacity (mAh g*) or specific charge (C g*) from the CV and GCD
profiles of battery-type electrodes. Therefore, equations 2.5 and 2.6 can be used to measure the

practical, specific capacity from both CV and GCD curves:
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fi(v) dv (AV)

Specific capacity (mAg) = 2.5

p pacity (mAg") m (@ % v (Vs % 3.6 (2.5)
: . 1 JiA) dt(s)

Specific capacity (mAg ) = m(g)—X36 (2.6)

where the integration of current over voltage window divide by 2 gives the total voltammetric
charge in A V (ampere volts); v is scan rate, m is the active mass of the electrode and t is the

discharge time.

2.4.3 Hybrid supercapacitors (HSCs)

It is critical to design and fabricate electrochemical energy storage systems with high energy
and power densities as well as long cycling life. As a part of one of these systems, hybrid
supercapacitors (HSCs) are energy storage devices made up of battery-type and capacitive
electrodes that combine the benefits of both batteries and electric double-layer capacitors,
making them promising advanced energy storage devices for commercial use. This novel
energy storage system has the potential to generate higher energy density (than EDLCs) and
higher power density (than batteries) to fill in the gaps in the Ragone plots between EDLCs
and batteries, as well as to meet the forever growing energy demands resulting from the growth
of intelligent and smart devices [44, 45]. Additionally, this combination of battery-type and
capacitive electrodes has higher working potential and yields higher capacitance which is two

to three times more than that of conventional capacitors as well as EDLC and pseudocapacitors.

Figure 2.7 depicts the basic configuration of HSCs. During the electrochemical reaction, the
battery-type electrode stores energy via Faradaic charge transfer, while the other electrode
balances charges via electro-sorption of guest electrolyte ions onto the active surface of the
material (e.g., active carbon). From the same device, two distinct electrochemical processes

corresponding to Faradaic and non-Faradaic reactions occur simultaneously. The former
|
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electrode, which has well-separated redox peaks is used as an energy output source, while the
latter has no Faradaic charge transfer and the charge storage can only occur at the surface in
the form of a double-layer, that is responsible for power output. Therefore, the electrochemical
response from (CV and GCD) of a HSCs with battery-type cathode and capacitive (EDLC or
pseudocapacitive) anode electrode deviate from an ideal battery characteristic, exhibiting more
capacitance-like behaviour, as shown in Figure 2.8a. Although the high capacity and wide
working voltage of HSC increase their energy storage capacity, the battery-type electrode
inherently slows charge kinetics due to phase transformation, resulting in, shorter cycle life and
poor rate performance [46]. Different strategies have been suggested to address these concerns,
including the development of nanomaterials and the use of conductive additives like graphene,

CNTs and AC [47, 48].
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Figure 2.7: The fundamental configuration of the HSCs [49].
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2.4.4 Asymmetric supercapacitor (ASCs)
Apart from battery-type positive electrodes, pseudocapacitive materials are promising
electrode that can deliver similar power density to EDLCs. ASCs are capacitors that have both
high capacitance and a high energy density. The ASCs have attracted a lot of attention because
of their proclivity for merging the properties of their constituents (EDLC and
pseudocapacitors). The storage mechanism of the ASCs is made up of a combination of these
two storage mechanisms. The asymmetric device can provide a high working voltage, high
energy density and long cycling stability since half of a hybrid device acts as an EDLC and the
other half as a pseudocapacitor [50]. To avoid confusion with hybrid supercapacitors, when
both EDLC and pseudocapacitive electrodes or (one EDLC/one pseudocapacitive) are used in
a two-electrode system (e.g., activated carbon/MnQ>) (Figure 2.8b), the term “asymmetric”

should be used.
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Figure 2.8: Electrochemical signatures of typical (a) hybrid and (b) asymmetric

supercapacitors [39].

To achieve the optimum working voltage for the SCs cell, both ASCs and HSCs combine the
potential windows of the cathode and anode electrodes. Therefore, to achieve the highest cell
voltage and energy density, charge balancing (q* = g°) should be performed on both electrodes.
The ideal mass ratio between cathode and anode electrode materials can be determined using

equation 2.7.

+

CxV
C'xv*

2.7)

=

where m*, m", C*, C, AV*, and AV™ are the masses, capacitance and the potential window for

the cathode and anode materials, respectively. Furthermore, specific energy and power density,
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are calculated using equations 2.8 and 2.9, respectively describe the performance metrics of

ASCs and HSCs.

1. 05xCxV?
E (Whkg')= — (2.8)
1. Ex3600
P(Wkg')= ——— (2.9

t

where C is capacitance in (F g%), V is the voltage window in (V) and t is discharge time in (s).
Moreover, the electrochemical Kkinetics of battery-type, pseudocapacitive, and EDLC
electrodes differ and can be distinguished using the Trasatti and Dunn differentiation

techniques, which will be discussed in the subsequent section.

2.5 Differentiating diffusion-controlled processes from a surface-controlled
contribution

Electrochemical energy storage arises from either capacitive, pseudocapacitive, or battery-like
processes. Materials with advanced charge-storage capabilities that are engineered to deliver
high capacity at a high rate often exhibit a multiplicity of such mechanisms, which complicates
the understanding of their charge-storage behaviour [51]. Thus, several electrochemical
techniques have been developed to determine the contribution of different charge storage
mechanisms involved in an electrochemical capacitor, such as through the electrical double
layer and diffusion-limited processes. The charge storage mechanism of electrode material can
be categorised as follows: (i) capacitive (EDLC process), (ii) faradic reactions
(pseudocapacitive/battery-type) and (iii) mixed processes (EDLC and pseudocapacitive).
Simple CV measurements at different scanning rates are enough to distinguish the energy
storage mechanism of electrode materials. Based on the fundamentals of cyclic voltammetry,
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the current (i/A) is related to the scan rate (v/V s %) via the power-law as shown in equation

2.10 and 2.11 [52].
i=aw (2.10)
logj=blogv+loga (2.11)

where j stands for current density, a and b stand for adjustable parameters that can be found by
plotting log j against log v. An adsorption-controlled, pure capacitive process is the dominant
energy storage mechanism when b = 1; when b = 0.5, the storage mechanism is a diffusion-
controlled; and when b > 0.5 but less than 1.0, the storage mechanism with both EDLC and

pseudocapacitive processes.

The power-law equation can be sub-divided into capacitive and faradic current responses using

the same voltammetric principle in equations 2.12 and 2.13, respectively.
e EDLC (surface-controlled) current response:

fav,= i=kv (2.12)
e Pseudocapacitive (diffusion-controlled) current response:

iavl?, = i=kyv'/? (2.13)

Equations 2.14 and 2.15 can be used to calculate the total current response at a given potential

(V).
i=kyv+ kvl/? (2.14)

= i/vY2=kvV? +k, (2.15)
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where kq and ko are constants that describe the capacitive and Faradaic current contributions,
respectively. Therefore, by plotting i/*? against v'/2, the values of ki and kz can be obtained.
The capacitive current contributions can be plotted and distinguished from the faradic

contributions by measuring the ki value at various voltages and scan rates.

2.6 Electrode material for supercapacitor

The role played by active electrode materials in supercapacitors is crucial; therefore,
developing advanced electrode materials that can meet the necessary energy demand is of
paramount importance. High surface area together with high conductivity are one of the most
important parameters for improving the charge storage of electrode materials [53]. However,
collateral to the high surface area, pore size distribution and structural defects, also influence
the charge storage properties. For instance, a large surface area aids in the formation of an
electrical double layer, while a uniform pore size distribution regulates the electrolyte ions
pathway in the inner core of the electrode material [54, 55]. As a result, the electrochemically
active surface area may be used to explain the behaviour of an electrode material. In general,
carbon materials, conducting polymers and transition metal oxides/hydroxides are the most

used electrode materials in supercapacitor.

2.6.1 Electrodes materials for EDLCs

Carbon-based materials for energy storage remain at the forefront of nanoscience and
nanotechnology, due to their diverse physical and chemical properties, such as electrical
transport, chemical reactivity, optical, and thermal properties [56]. In addition, carbon
materials have also been extensively investigated in supercapacitor applications at both the

laboratory and industrial scales due to their low cost, non-toxicity and ease of availability.
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Activated carbon, carbon nanotubes, carbon nanofibers and reduced graphene oxide are the

commonly used EDLC electrode materials in supercapacitors.

2.6.1.1 Activated carbons (AC)

Activated carbons (AC) are attracting a lot of interest in supercapacitors due to their large
specific surface area (SSA), pore structures and regulated channels, excellent chemical stability
and low cost [57]. Generally, activation refers to the process of increasing surface area and
porosity from carbonised organic precursors and the resulting category of materials is known
as activated carbons. ACs made from corn [58], tree bark [59], coconut shell [60] and other
materials have been stated to have excellent electrochemical properties for EDLC electrode
materials, with some even outperforming commercial AC. Aside from the precursor materials,
the carbonization and activation processes play an important role in the properties of AC [61].
Activated carbon can be prepared by either a physical activation (CO/steam) or a chemical

activation process (KOH, K>COs, H3PO4 and ZnCly) at different temperatures.

The pores created during the activation process aid in the storage of charges in electrochemical
device applications. The evaluation of the size of the pores has shown that the development of
smaller pores relative to the electrolyte ions may result in poor charge storage. This is because
high microporosity networks increase electrolyte ions diffusion resistance, resulting in poor
adsorption of electrolyte ions, mainly for fast scan rates. During fast scan rates, the adsorption
of ions into micropores is low due to the inability of the material to keep up with the quick
charging and discharging rate, causing poor rate performance [62]. Likewise, the large sizes of
pores relative to the electrolyte ions can also lead to poor entrapment of electrolyte ions which
can also be a limitation to the specific capacitance and the maximum specific power. As a
result, to provide the required pores for efficient charge transport and storage, an ideal pore
size distribution is required. Wide pore sizes, such as macropores (> 50 nm) and mesopores (2-
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50 nm), are better for ions buffering and diffusion, whereas micropores (less than 2 nm) help

with charge adsorption and storage [63].

The diffusion phenomenon within the pores of activated carbons could be explained by three
mechanisms: (a) adsorbate molecule transportation to the external AC surface, (b) adsorbate
molecule diffusion from macropores to mesopores and micropores and (c) adsorbate molecule
adherence to the pore surface through weak van der Waals interactions. Figure 2.9 depicts a
simplified representation of these processes. The size of the molecules and the pore structure

of the ACs play a major role in the diffusion process.

e o Macroporous

Microporous

Mesoporous

Figure 2.9: An illustration of a typical activated carbon structure with strongly disordered

macropores (>50 nm), mesopores (2-50 nm) and micropores (less than 2 nm) (Adapted from

[64]).

2.6.1.2 Carbon nanotubes (CNTS)
Single-walled carbon nanotubes (SWCNTSs) and multiwall carbon nanotubes (MWCNTS) are

the two common types of carbon nanotubes that have excellent electrical conductivity, thermal
|
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stability and a special tubular porous structure. SWCNTSs present a single graphene sheet
wrapped into a cylindrical tube while MWCNTSs show several arrays of nanotubes that are
concentrically nested. There are one-dimensional materials with a mesoporous texture (i.e., the
pore size distribution is between 2 — 50 nm) which promotes easy ion-diffusion when used in
electrochemical devices [65]. Due to their unique tubular and mesoporous structure that allows
easy charge mobility and large accessibility to electrolyte ions, CNTs can deliver relatively
high capacitances when compared to AC [66]. Furthermore, during charge/discharge reactions,

CNTs have a lower contact resistance, resulting in high energy and power densities [67].

In general, chemical vapour deposition (CVD) is a widely used and well-established method
for producing CNTs. In addition, producing CNTs using CVD requires the use of a
decomposable carbon source and a catalyst (typically metal or mixed metals). One of the major
advantages of this method is the wide range of support materials available for CNTs synthesis.
Also, it is widely acknowledged that support plays a critical role in nanotube preparation due
to the interaction between the catalyst particles and the support material. The most frequently
used catalyst supports are silica (SiO) [68], alumina (Al>03) [69], calcium carbonate (CaCOs3)

[70] and magnesia (MgO) [71].

For CVD methods, the three most important requirements are the carbon feedstock, a metal
that acts as a catalyst in the growth stage and an adequate energy source (thermal or plasma).
In general, transition metals, such as iron, nickel and cobalt are used as catalysts. Different
hydrocarbons such as ethanol and acetylene are usually used as carbon sources. For instance,
Durrer et al. [72] used a Ferritin-based Fe catalyst to research the growth of individual
SWCNTs by the CVD method. According to the findings, atomic force microscope (AFM)
imaging revealed that the Ferritin concentration in the adsorption solution can regulate the
density of SWCNTSs on the surface, which is critical for SWCNT integration and avoiding
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SWCNT bundle formation. Using acetylene/ammonia mixture and Fe/Co as a catalyst,
Hofmann and colleagues investigated the impact of catalyst film thickness on the growth of
carbon nanostructures by plasma-enhanced chemical vapour deposition (PECVD). For a
catalyst thickness below 3 nm, a transition from large diameter bamboo-shaped CNF to small
diameter MWCNT was discovered. Furthermore, it was believed that the choice and dilution

of hydrocarbons has a distinct influence on carbon nanostructures [73].

Even though CNTSs have a large surface area (> 1000 m?/g), much work has been done to boost
their surface area, porosity and performance by activating or doping them with elements such
as nitrogen, boron and sulphur. Tetana et al. [74] prepared high-quality N-MWCNTS over a
Fe-Co/CaCOs catalyst in the temperature range 700 — 850 °C using acetonitrile as a nitrogen
source and acetylene as a carbon source. The vyield, size, quality, morphology and thermal
stability of N-MWCNTs were studied in relation to growth temperature and CHsCN
vaporization temperature. The CNTs that were produced were mostly bamboo-shaped and
multi-walled. In addition, at higher temperatures (800 — 850 °C), a mixture of N-MWCNTs
and carbon spheres (CSs) was also observed. The best conditions for the synthesis of high-
quality N-MWCNTSs in good yields were found to be 800 °C and room temperature CH3sCN
vaporization, as these yield pure N-MWCNTSs in good yields. The problem can also be solved
with composite materials made by doping CNTs into AC. Dolah et al. [75] made CNT electrode
materials from oil palm fruit bunch fibres, CNTs and KOH, which were activated by COz gas
and performed well for supercapacitors despite having a low surface area of 400 m?/g.
Although preparing CNTs from biomass can greatly reduce costs, there are several drawbacks,
including high energy consumption and a lengthy process. As a result, it is crucial to develop

new preparation methods for the use of CNTs in supercapacitor application.
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2.6.1.3 Carbon nanofibers (CNFs)

Carbon nanofiber (CNF) is one of the most important members of carbon fibres, which has
been investigated in both fundamental scientific research and practical applications. CNFs are
promising materials in a variety of fields, including electrical devices, battery and
supercapacitor electrode materials and sensors [76-78]. The electrical conductivity of CNFs is
often the priority needed to be considered in these applications [79]. There are some
distinctions between traditional carbon fibres (CFs) and carbon nanofibers (CNFs). First is their
size, which is also the most noticeable. CNFs have diameters of 50—200 nm, while conventional
CFs have diameters of several micrometres [80]. The disparity between CNF and traditional

CF is schematically shown in Figure 2.10.

Figure 2.10: Schematic illustration of the difference between CNF and CF [79].

The CNFs are promising materials that can be synthesized with different morphologies,
diameters and lengths. CNFs can be produced using two techniques: (i) vapour growth and (ii)
electrospinning. Synthesis of carbon fibres from vapour growth was explored from the 1970s
and 1980s [81, 82]. Carbon fibres can be produced by catalytic decomposition of hydrocarbons
in the presence of metal particles (catalysts), however, the mass-production prove to be
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difficult. In contrast, electrospinning, which involves the spinning of polymeric precursor fibres
and subsequent thermal treatment, has become the most widely used technique. Although any
material with a carbon backbone can be used as a carbon fibre precursor, polyacrylonitrile

(PAN), cellulose and pitch are the most used polymeric precursors [83].

Due to excellent mechanical properties and high carbon yield, PAN has been the most widely
used precursors among the above mentioned three precursors [84, 85]. Electrospinning of PAN,
unlike conventional fibre spinning techniques, is powered by electrical force rather than
mechanical force. When the voltage is applied, the droplet of PAN solution at the tip of the
spinneret deforms from its original shape [86, 87]. As the applied electrical potential reaches a
critical value, the PAN solution overcomes its surface tension, and a jet of solution ejects from
the tip of the spinneret in a form of a Taylor cone and electrospinning begins. Furthermore, the
jet then takes a 3D bending and twisting, becoming thinner as the loop circumference increases,

as shown in Figure 2.11.

% Syringe

Polymer solution

Taylor cone/:é
————4——Polymer fibres

\\\ 1 ///
S e -
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Collecto!

Figure 2.11: Schematic diagram of electrospinning PAN including basic electrospinning setup,

Taylor cone and bending instability.
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In comparison to CNTSs, electrospun PAN carbon nanofibers have similar characteristics as 1D
carbon nanostructures and are also cheap and relatively simple to incorporate into applications
[83]. In addition, the CNFs mat made from electrospun PAN has an interconnected nanofiber
network structure that contributes to its ease of handling. This allows for the removal of
polymer binders and conductive fillers from electrodes, resulting in improved electrochemical
performance [88]. Despite this, electrospun PAN CNF mats are unable to solve any of the
drawbacks of conventional carbon nanofiber mats. In recent years, researchers have focused
on increasing the specific surface area of CNFs made from electrospun PAN and designing
hierarchical composite nanostructures to address a comprehensive improvement in

electrochemical performance [83].

2.6.1.4 Graphene

Due to its unique physicochemical properties (physical, chemical and electrochemical),
graphene is an emerging material of interest with interesting properties significant to the
scientific and technical industries [89]. Graphene is a single atomic thick two-dimensional (2-
D) material composed of sp? hybridized carbons bonded in a hexagonal lattice [90]. It is a
single-atom-thick carbon allotrope that acts as the structural base for all other carbon allotropes:
(1) OD fullerenes, which are made by wrapping graphene sheets into a sphere (Bucky ball), (2)
1D CNTs, which are made by rolling graphene sheets into a cylindrical shape and (3) 3D
graphite, which is made by piling multiple layers of individual graphene sheets stuck together

by van der Waals bonds as shown in Figure 2.12 [91].
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2-D: Graphene Sheet

Figure 2.12: The 2D hexagonal nanosheets of graphene as a building block of other forms. An

illustration of different allotropes of carbon arising from a graphene sheet (Adapted from Ref

[99D).

Several graphene synthesis methods have been widely proposed in the literature, the first of
which monolayer graphene has a single graphitic layer, while bilayer and trilayer graphene
have two or three layers. Graphene is well known for its extraordinary electrical and thermal
conductivity, high charge carrier density, high mobility and excellent mechanical properties
[92, 93]. These properties make graphene suitable for many applications including and not

limited to supercapacitors [94], batteries [95], fuel cells [96], sensors [97] and electronics [98].

Several graphene synthesis methods have been widely proposed in the literature, the first of
which was introduced by Novoselov et al. [100] in 2004 and included the use of a basic
mechanical exfoliation technique known as the scotch-tape process. This preparation method
is still widely used in many laboratories to produce a few layers of graphene to study their
fundamental properties [101]. However, this approach does not allow for large-scale
production [101]. To address the yield problem associated with the exfoliation method,
graphene has also been synthesized using the chemical vapour deposition (CVD) process using
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gaseous hydrocarbon sources and growth templates such as ruthenium (Ru), nickel (Ni) and
copper (Cu) [102]. The CVD method is currently considered to be the most effective way to
produce a large single-layer graphene sheet [101]. This method has demonstrated the synthesis
of large-area, high-quality graphene; however, when comparing the properties of graphene
made from the CVVD method and graphene made using the exfoliation method, the exfoliation

method produces better graphene [103, 104].

Reina et al. [105], for example, used an ambient-pressure chemical vapour deposition
(APCVD) process on polycrystalline Ni films to prepare wide-area films (cm?) with 1 to 12
layers. The graphene layer had good electrical and optical properties. Similarly, Qin et al. [106]
used the CVD growth method to successfully synthesize a large-area graphene film on Cu
substrates. In copper, the graphene film growth had a low carbon solubility and in nickel, it had
a low carbon saturation. Unfortunately, graphene materials have two major drawbacks: re-
stacking of sheets, which reduces the usable surface for reactions and low density due to the
material's 2-D structure [107]. These issues are caused by the n-n bond interaction between
adjacent graphene sheets, which decreases the 2-D material's unique surface area. As a result,
supercapacitors using pure graphene as electrode materials may have low real capacitance
values. To overcome these drawbacks, other materials have been integrated into the graphene
framework to form composite materials with EDLC and faradaic materials for improving

supercapacitor surface reactivity [108-110].
2.6.2 Metal oxide pseudocapacitors

Faradaic materials started to play a crucial role in supercapacitors ever since Brian Evan
Conway conducted a large number of experiments using ruthenium oxide (RuO.) as electrode
materials in 1971 [7]. RuO2 is one of the most researched metal oxides due to its low equivalent

series resistance (ESR) and high specific capacitance. However, its high cost in comparison to
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other transition metal oxides has prompted researchers to look at other options [111]. To
achieve similar electrochemical performance, transition metal oxides/hydroxide and polymers

are usually used.

2.6.2.1 Transition metal oxides

2.6.2.1.1 Ruthenium oxide (RuQOy)

RuO, was the first transition metal oxide tested for use in supercapacitors and its high
theoretical capacitance makes it one of the most promising electrode materials. (~ 2000 F g™%)
[112], high cycle capability, high electric conductivity, wide potential window and good
electrochemical reversibility [113]. The pseudocapacitive characteristics of RuO: in an acidic

medium follow fast and reversible faradaic reaction, based on equation 2.16, where 0 < x >2.

RuO, + xH" +xe” > RuO, (OH),_ (2.16)

In an acidic medium, oxidation states transition from (1I) to (IV). But, in an alkaline medium,
the oxidation states switch from (I1) to (Ill). For example, charging carbon/Ru composite
oxidizes RuO; to RuO4%, RuO* and RuOQa, while during discharge, these high valence states
are reduced back to RuO2 [114]. It is well known that RuO2-nH0O is a strong proton conductor
and that in an acidic medium, the reaction of RuO. necessitates the addition and extraction of
H* according to equation 2.16 [115]. As a result of the combined water in hydrous RuO», H*
diffusion in the electrode is accelerated. The hydrous Ru oxides have much higher capacitance
than the anhydrous type, with values of 861 F g* and 900 F g?, respectively [116].
Furthermore, the capacitance decreases from 720 F g to 19.2 F g as water decreases from

Ru02-0.5H,0 to Ru0O2-0.03H20 [117].

Ruthenium (Ru) is one of the members of the platinum group of metals (PGMs) and its high

cost has hindered it from being used commercially. However, its excellent electrochemical
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properties do not prevent research on its potential applications. Although several studies have
focused on other potential transition metal oxides, RuO> reports have also been published at
the same time [118]. Ruthenium oxide has various forms such as nanoneedles [119], nano-
porous films [120] and nanoparticles [121]. Hu et al. [122] used a template method to make a
RuO2-xH.0 nanotubular array with a capacitance of around 1300 F g*. Remarkably, hydrous
RuO- prepared using the sol-gel method showed a specific capacitance of 390 F g*. Similarly,

chemically prepared RuO; exhibits the lowest capacitance value of 50 F g [120].

Despite its numerous advantages, RuO: is still unsuitable for industrial use in supercapacitors
due to its high cost and limited availability. To lower the expenses, different approaches have
been suggested such as combining RuO> with other low-cost metal oxides like MnO2, TiO,
SnO and Co304 [123-126] to form composites or coating RuO2 on cheaper substrates to form
composites [127, 128]. Microwave-assisted hydrothermal synthesis yielded a
RuO2-nH20/TiO2 nanocomposite with a maximum specific capacitance of 992 F g and a high-
power density of 400 kW k g™[129]. The TiO- crystallites are formed before the nucleation of
RuO2-nH20 in this composite, which enhances the exposure and operational efficiency of
RuO2-nH20. The specific capacitance of RuO2-nH.O/MWCNTSs/Ti electrodes in H2SO4 can
reach up to 1652 F g1, thanks to the porous structure, which enables quick and reversible redox
reactions to take place on the electrode/electrolyte interface [130]. The conductivity of RuO>

is enhanced by the conductive substrates, resulting in a shorter ion transfer distance.

2.6.2.1.2 Manganese oxide (MnO3)

Due to low cost, vast abundance, low toxicity and high theoretical capacitance (1370 F g1),
MnO: has been synthesized in various forms as a replacement for RuO,. MnO comes in a
variety of polymorphs, each with its crystallographic structure (a, S, 7, 0 and 1). At the

interlayer spacing, birnessite-type MnO> has crystalline layered structures, with layers of edge-
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sharing MnOe octahedral to hold water molecules or other cations. The layered structure of J-
MnO; permits intercalation of ions within the interlayer pathway, while the 2D morphology
promotes surface-dependent electrochemical reactions, which are ideal for energy storage
applications, such as supercapacitors [131]. Two mechanisms have been suggested to describe
the charge storage behaviour of MnO: (equations 2.17 and 2.18). Equation 2.17 display the

insertion of electrolyte cations (C*= H*, Li*, Na* and K*) into the bulk MnO:
MnO, + C" + e <> MnOOC (2.17)

The second is based on electrolyte cation surface adsorption on the MnO> electrode as shown

in equation 2.18.

(MnO,). . +C" +e« (MnOOC) (2.18)

surface surface

Intercalation of the electrolyte ions into MnO. causes the variation in the valance state of the
material rendering lattice expansion and reduction of Mn*" to Mn*'. Interfacial reaction, for
instance, causes a transition in manganese oxidation states (Mn** to Mn3*), while the electrolyte
cations help preserve the charge balance of MnO». Despite MnO: having a high capacitance,

the real-world usage is constrained by the low conductivity as compared to RuOx.

Nevertheless, hybridization of MnO> with other materials such as carbo-based materials or
conducting polymers to form composites that can create more surface defects and charge
carriers are also viable methods for improving electrical conductivity and charge storage
performance [132]. Examples of such composites include OLC/MnO; [133], MnOz/graphene

[134], MnO2/CNT [135], MnO2/PANI/CNTSs [136], MnOz/carbon nanofibers [137].

2.6.2.2 Conducting polymer

The other Faradaic-type supercapacitor materials are conducting polymers with a high

concentration of m-conjugated polymeric chains [138]. This offers fast charge-discharge
|
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Kinetics, suitable surface morphology, fast doping and un-doping processes which yields
unique properties, such as large surface areas and shortened pathways for charge/mass transport
[139]. Conducting polymers are employed in supercapacitors because of their relatively high
capacitance, conductivity and low equivalent series resistance. In addition, conducting
polymers have redox storage capability and provide a large surface area, making them ideal for
high capacitance supercapacitors. These compounds can be doped with metallic conductivity,
which is a useful property for supercapacitor electrode materials. They are reported to be
superior to other carbon materials, including activated carbons, in some respects [140].
Polypyrrole, polyaniline (PANI) and poly-(3, 4-ethylenedioxythiophene) (PEDOT) are some
of the most widely used conducting polymers, with particular capacitances equivalent to metal
oxides like ruthenium oxide [141-143]. One of the challenges faced by conductive polymers is
the lack of effective n-type doped (negatively charged). Another problem is the insufficient

mechanical stability during charge-discharge cycles due to mechanical stress [138].

2.6.3 Battery-type materials

For the past two decades, nickel-based materials have been employed in Ni—Zn, Ni—Cd, and
Ni—-metal hydride batteries. Even though Ni-based materials have pure battery-like
characteristics (i.e., storing charges through Faradaic processes), a lot of reports have
misinterpreted Ni-based materials as pseudocapacitive electrodes in supercapacitors and
asymmetric devices [131, 144]. However, when considering the fundamental concept of
capacitance [7], the term pseudocapacitance [35] can only be applied to materials that have the
electrochemical signatures of capacitive-type electrodes, i.e., linear charge accumulation
dependencies within certain ranges of applied potentials and the linear (mirror-like)

galvanostatic charge-discharge responses [145]. With this concept in mind, nickel oxide
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(charged/discharged through a Faradaic mechanism) should be considered as high-power

battery material rather than pseudocapacitive materials.

Regardless of this confusion, Ni-based battery electrodes, in conjunction with a suitable
capacitive-negative electrode, may be useful as positive electrodes in HSCs operating in
alkaline electrolytes. Ni-based materials like Ni(OH)> and NiO are being used as cathode
electrodes in HSCs. Ni(OH): is being extensively explored because of its low cost, well-defined
electrochemical redox activity and high theoretical capacitance (1041 C g%, 290 mAh g, to
name a few. Furthermore, different phases (a« & f) which correspond to the y- and S-NiOOH
after oxidation and a hexagonal-layered structure make it attractive for supercapacitors. The
hydroxyl deficient phase a-Ni(OH). has interlayered H,O molecules, while S-Ni(OH); has a
brucite structure without H.O molecules. As a result, the a-Ni(OH)2/y-NiOOH pair has a higher
capacitance than the S-Ni(OH)2/5-NiOOH [39]. Charges are stored in Ni(OH)> by the

deprotonation/protonation reaction, which is expressed in equation 2.19.
Ni(OH), + OH" <> NiOOH + H,0 + ¢ (2.19)

Previous research has indicated that the hydrous Ni(OH)2 positive-electrode material has the
potential to have a specific capacitance of up to 1000 F g*. However, the low rate capability

and the poor cycling stability limit its practical applications.

Due to low cost, environmental friendliness and high theoretical capacity (1292 C g, 359 mAh
g1), Nickel oxide (NiO) is a promising positive electrode for HSCs. However, the change in
oxidation states of NiO and the energy storage process are debatable. Nevertheless, two major
theories are normally used to justify the storage processes: one take account of the mechanism
occurring between NiO and NiOOH (equation. 2.20 and 2.21); while the second one considers
that in an alkaline electrolyte, NiO transforms to Ni(OH)2 and the reactions occurs between

Ni(OH)2 and NiOOH as shown in equations 2.22 and 2.23.
|
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Ni(OH), + OH <> NiOOH + H,0 + & (2.20)

Ni(OH), + H,0 <> NiOOH + H' + & 2.21)
or

Ni(OH), <> NiOOH + H + ¢ (2.22)
Ni(OH), + OH™ <> NiOOH + H,0 + ¢ (2.23)

However, as a result of the significant volume shift during the charging and discharging of Ni-
based material, the electrochemical response is normally poor. Thus, to alleviate such
drawbacks the electric conductivity and surface area of NiO can be effectively increased by
combining it with carbonaceous materials, metals, or conducting polymers [146, 147]. For
example, HSCs with Ni/NiO as the positive electrode and CNT-COOH as the negative
electrode delivered a high energy and power density of 61.3 Wh kg and 900 W kg*
respectively. Moreover, the device demonstrated excellent durability with 92.8 % capacitance
retention over 10,000 cycles, demonstrating that the unique structure of the Ni/NiO composite
will prevent the structure from collapsing due to volume expansion during cycling. In another
study, Ramesh et al. [148] used a heat-treatment reduction process in the presence of cetyl
ammonium bromide (CtAB) and urea to make a hybrid composite of nickel hydroxide
nanoparticles decorated with nitrogen-doped multi-walled carbon nanotubes (N-MWCNT).
The fabricated Ni(OH)2@N-MWCNT hybrid composite showed a maximum specific
capacitance of 350 F g* at 0.5A g2, an energy density of 43.75 W kgt and a power density

of 1500W kg with excellent capacity retention after 5000 cycles.

Another technigue is to combine NiO with conducting polymers (CPs), to increases electrical
conductivity, pseudocapacitance and stability. For example, Yang et al. [149] created a fibre-

shaped HSC with NiO/Ni(OH)> nanoflowers encapsulated in a 3D unified poly(3,4-
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ethylenedioxythiophene (PEDOT) on contra wires as the positive electrode and mesoporous
carbon (CMK3) as the negative electrode. At 0.4 mA cm current density, the HSC cell
provided an aerial capacitance of 31.6 mF cm (3.16 F cm™®), which was sustained to 15.9 mF
cm? (or 1.59 F cm™®) at a high current density of 8 mA cm™, demonstrating outstanding
electrochemical performance. The HSC device also had a stable cycling performance over 1400

cycles with an energy density of 0.011 mWh cm at a power density of 0.33 mW cm.

2.7 Electrolytes for supercapacitors

The electrolyte, which provides ionic conductivity and hence enables charge compensation on
each electrode in a cell, is one of the most critical components of supercapacitors [150]. The
electrolyte in supercapacitors not only influences EDL formation or the reversible redox
process for charge storage in pseudocapacitors, but it also influences the amount of charge
stored and the cycling performance. In addition, the electrolyte composition, together with
ionic size, ions concentration, ion-solvent interaction, electrolyte-electrode interactions and the
potential window, all influence charge storage, energy/power densities and cycle-life [150].
The electrochemical stable potential window (ESPW) of the electrolyte, for example,
influences both energy and power densities by explicitly defining the operating cell voltage
(i.e. equation 2.8 & 2.9). The ionic conductivity of an electrolyte, on the other hand, has a direct
effect on the equivalent series resistance (ESR) of a supercapacitor, which has a substantial
impact on the power density [151]. Also, the cycle life of a supercapacitor device can be
affected by interactions between the ion and the solvent, as well as the electrolyte and the

electrode material.

To date, various types of electrolytes have been developed and tested in electrode materials.
Aqueous electrolytes, solid and/or quasi-solid-state electrolytes and redox-active electrolytes

are the three groups of electrolytes. However, for this review, we will only look at liquid
|
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electrolytes. Liquid electrolytes are generally classified into three subclasses: agueous

electrode, ionic liquids and organic electrolytes.

2.7.1 Aqueous electrolytes

Aqueous electrolytes have been widely explored in research and development over the past
three decades. This is mostly because aqueous electrolytes are inexpensive and can be easily
handled in the laboratory without the use of special equipment, significantly simplifying the
fabrication and assembly processes. Additionally, aqueous electrolytes are greatly used in
supercapacitors because of their low viscosity, low cost and easy preparation as compared to
ionic liquid/organic electrolytes that need a dry room with a low H2O content (< 1.0 ppm)
[152]. Aqueous electrolytes have up to one order of magnitude higher ionic conductivity than
organic electrolytes and ionic liquid. For example, Lewandowski and colleagues [153]
compared the performance of activated carbon cloth in three different types of electrolytes: (i)
aqueous (H2SO4 and KOH), (ii) organic and (iii) ionic liquids. According to their findings,
aqueous electrolytes have a higher conductivity and lower series resistance than organic
electrolytes and ionic liquids. Potassium hydroxide (KOH) and sulfuric acid (H2SOa) are the
most commonly used aqueous electrolytes in supercapacitors due to their high ionic
conductivity (up to 1 S cm™) and low cost [154]. However, the restriction of water electrolysis
at 1.23 V is a downside of the aqueous electrolyte. This lowers the working potential and as a

result, affect both the specific energy and power of aqueous-based supercapacitors [155].

With the advancement of supercapacitors, hybrid capacitors have been proposed as a way to
avoid this problem by combining or adding the possible windows of two separate electrode
materials. The combination of the potential windows gains an increase in the cell voltage and
high specific capacitance which results in a high specific energy device. For instance, Zheng

et al. [156] reported interpenetrating CNTs with vanadium pentoxide (V20s) nanowires to
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obtain a nanocomposite synthesized via a simple in-situ hydrothermal process. In the study, an
asymmetric supercapacitor was assembled using the V,Os/CNTs nanocomposite electrode
(with 33 wt% CNTSs) as the negative electrode and MnQOz/carbon composite as the positive
electrode in 1 M Na>SOs. The asymmetric device based on these nanocomposites delivered
specific energy of 16 W h kg™ with an associated specific power of 75 W kg™ at 0.64 mA cm"
2ina 1.6 V cell voltage [156]. Deng et al. [157] synthesized graphene/VO, (RG/VO,) hybrid
material using a hydrothermal technique and constructed an asymmetric system in 0.5 M
K2SO4with a graphene/VO2 (RG/VO2) composite as a cathode electrode and reduced graphene
(RG) as an anode electrode. The ASC device was operated within 1.7 V and at 0.25 A g},
where the RG/VO2/RG hybrid system provided 22.8 Wh kg™ of specific energy and 425 W kg~
1 of specific power [157]. As a result, the hybrid capacitor can increase the aqueous electrolyte's

voltage.

2.7.2 Organic electrolytes

Even though academic research has concentrated on aqueous electrolyte-based
supercapacitors, organic-based electrolytes supercapacitors are currently dominating the
commercial market due to their high operating potential window, which is usually in the range
of 2.5 to 2.8 V. The increased operating cell voltage significantly boost both the energy and
power densities. Furthermore, using organic electrolytes allows the use of less expensive
materials for existing collectors and packages (e.g., Aluminium foil). However, the electrical
conductivity and specific capacitance of the organic electrolyte are lower (~100 mS cm?) than
that of aqueous electrolytes and can affect the ESR and charge transfer resistance (Rct) [150].
Tetraalkylammonium  cations, such as tetramethylammonium (MesN*)  and
tetraethylammonium (EtsN*), with tetrafluoroborate (BF*) or hexafluorophosphate (PF®)
anions dissolved in acetonitrile (ACN) or propylene carbonate (PC) solvents are commonly
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used in supercapacitors. ACN has a higher conductivity than aqueous electrolytes due to its
low viscosity, but its high volatility and toxicity pose a safety risk as compared to aqueous
electrolytes. Despite having a higher viscosity than acetonitrile, propylene carbonate has lower

conductivity than acetonitrile mixtures.

However, there are a few other things to take note of when using organic electrolytes for
supercapacitors. For instance, organic electrolytes have a higher cost, a smaller specific
capacitance, lower conductivity and safety issues related to flammability, volatility and toxicity
as compared to supercapacitors using aqueous electrolytes. Furthermore, organic electrolyte
requires complex purification and assembly processes in a strictly controlled environment to
eradicate any residual impurities (e.g., water) that can cause severe performance degradation

and serious self-discharge issues [7].

2.7.3 lonic liquid electrolytes

lonic liquids are non-flammable, non-volatile and have low vapour pressure which makes them
work at high electrochemical potential (e.g., 6V) [158]. At room temperature, some ionic
liquids (their salts) melt, forming a mixture of cations and anions. Nonetheless, ionic liquids
are expensive, viscous and are poor conductors of electricity [159]. High viscosity limits the
fast mobility of the electrolyte ions and reduce the electrolyte access to the inner core of the
electrode surface [160]. It has been reported that the addition of propylene carbonate or
acetonitrile can improve the conductivity of ionic liquids. Examples of ionic liquids comprise
of quaternary ammonium salts (tetraalkylammonium [RsN]") and cyclic amines

(pyrrolidinium, aromatic pyridinium, and saturated piperidinium) to name a few [161].
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2.8 Fabrication, testing and evaluation of supercapacitor electrodes and devices.

2.8.1 Electrode fabrication for supercapacitors

The selection of electrochemically active electrode materials is considered to be key to
designing high-performance SCs. Therefore, having selected the right material, the electrode
preparation methodology also constitutes an important step to offering a good interaction
between the active material and electrolyte while retaining its original properties (i.e., the
electrical conductivity, structure and morphology). Generally, in SCs, the electrodes are
prepared from a mixture of an active material with or without a conductive additive and a
binding material. The conductive additive (such as carbon acetylene black (CB)) is used to
improve the conductivity of the electrode materials without affecting the electrochemical
storage capacity, while the binder (such as polytetrafluoroethylene (PTFE) or polyvinylidene
fluoride (PVDF)) is used to prevent the active material on the electrode from dissolving when
submerged in the electrolyte. These materials are usually dissolved in N-methyl-2-pyrrolidone
(NMP) solvent to form a paste. The resulting paste is then coated on a substrate that is

conductive to electricity flow such as carbon paper or nickel foam.

2.8.2 Electrode testing for supercapacitors

To assess the electrochemical characteristics and behaviour of materials for SCs and batteries,
several techniques are employed as described below in this section. Electrochemical
measurements for SCs electrodes are usually performed with three-electrode and two-electrode
system. A three-electrode system, as depicted in Figure 2.13, is utilised to investigate the
electrochemical properties of single electrode material. In this type of a system, a working
electrode, typically made of the active material, reference electrode, counter electrode and a

chosen electrolyte make up the electrochemical cell. The reference electrode acts as the
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reference point for voltage control and the current does not pass through it in a three-electrode
system. The counter electrode, on the other hand, is made of chemically inert and highly
conductive material such as glassy carbon, nickel foam and platinum mesh. The current
required at the working electrode is generated by the counter electrode, by altering the potential
of the electrolyte in an electrochemical set-up. Lastly, the nature of the electrolytes used for a
specific measurement influences the choice of counter and reference electrodes [162]. For
example, in acidic and neutral electrolytes, platinum and glassy carbon are used as a counter
electrode, while a saturated calomel electrode (SCE) or silver/silver chloride electrode
(Ag/AgCI) is used as the reference electrode. However, in an alkaline medium,

mercury/mercury oxide (Hg/HgO) is the best choice as a reference electrode [163].

Computer

WE: Working electrode
CE: Counter electrode
RE: Reference electrode

Separator

Figure 2.13: A three-electrode configuration using a battery-type Swagelok cell.
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Separator

Figure 2.14: A two-electrode configuration using a battery-type Swagelok cell.

Figure 2.14 depicts the two-electrode system of a supercapacitor. The two-electrode system
(full-cell) is characterized by a positive and negative electrode with a separator in-between
them and an electrolyte. The two working electrodes in the two-electrode configuration can be
similar (symmetric) or dissimilar (asymmetric). Two-electrode measurements can be used to
calculate the energy density, power densities and longer cycle life/durability [164]. In theory,
the specific capacitance (F g*) of a full-cell is equivalent to 1/4 of the capacitance calculated
from a half-cell [164]. Because of the theoretical factor of 1/4, the equivalent specific
capacitance and effective mass of a two-electrode device are automatically converted to those
of a three-electrode system. Despite this, due to size variations in the solvated cations and

anions, as well as potential differences between the positively charged and negatively charged
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electrodes during the charge/discharge test, the exact capacitance calculated for one of the

electrodes in a full cell is not the same as that of a half-cell electrode [165].

2.8.3 Electrochemical techniques

2.8.3.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a popular technique for obtaining qualitative data on the kinetics
of reactions and processes occurring at the electrode/electrolyte interphase in electrochemical
systems. In this technique, the potential of a working electrode is changed linearly from one
potential to another and then back again at a given scan rate and the resulting current is
measured. In a voltammogram diagram, the current is plotted against the voltage for each scan
rate. The kinetics of physical and chemical reactions occurring within the voltage range
determines the shape of the CV curve. According to the IUPAC convention, the upper half of
the curve represents oxidation, and the lower half represents reduction. This technique offers
knowledge on redox reaction thermodynamics, electron-transfer reaction kinetics and charge
separation. CV can be used to determine the potential windows (operating voltage) of the
materials and also determine the specific capacitance of the material by integrating the area

under the CV curve, following equations 2.24 and 2.25:

2Vopn -
=2 _h i 2.24
¥ mxAV m x 2V, (2.24)
To convert the current response of the CV to specific capacitance equation 2.25 is used:
c [F] B I[mA] (2.25)
Tlel v [MV/g] xm[g] |

For three-electrode systems, equation 2.26 is used for the calculation of specific capacitance,

Cs (F g, Fecm™ and F cm™ for gravimetric, volumetric and areal capacitances, respectively).
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Cyp=

. (2.26)

21N

where S represents the active mass (g) or the volume (cm?®) or the area (cm?) of the electrode.
In a two-electrode system, where both the working and counter electrodes are identical,
equation 2.27 is used to calculate the specific capacitance, Csp per electrode (F g%, F cm2and

F cm for gravimetric, volumetric and geometric specific capacitances, respectively).

4C
Co=—3 (2.27)
where S is the mass (g) or the volume (cm®) or the geometric area (cm?) of the active material

of both electrodes.

In ideal EDLCs, the charge is stored electrostatically, and the current is independent of the
potential, resulting in rectangular-shaped voltammograms, as shown in Figure 2.15a. For a
double-layer capacitor that is affected by resistive losses, the current is dependent on the
voltage applied, therefore the curve on the voltammogram will be similar to a parallelogram,
as shown in Figure 2.15b. On the other hand, electrodes with kinetically slow faradic processes
exhibit distinctive peaks and the electrical charge stored in the capacitor is strongly dependent

on the potential, as illustrated in Figure 2.15c [166].
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Figure 2.15: A representation of cyclic voltammograms of (a) an ideal capacitor, (b) a
capacitor with resistivity and (c) pseudocapacitors [166].

2.8.3.2 Galvanostatic charge-discharge (GCD)

The galvanostatic charge-discharge (GCD) or Chronopotientiometry (CP) test is obtained by
monitoring the voltage for an applied current between the working and counter electrodes as a
function of time. The GCD curves are usually used to determine the specific capacitance or
capacity, specific energy and power, rate capability and cycling stability of materials. The GCD
plot is obtained by measuring the generated voltage (V) as a function of discharge time (s). The
voltage limit is retained throughout the procedure. The applied current increases with time and
is reversed after attaining the set potential. The potential increases to reach the maximum
potential, with a current reversal occurring to decrease the potential to the lower present value.
Figure 2.16 shows a typical GCD curve for EDLC and pseudocapacitive electrode materials.
The GCD curve for EDLC material shown in Figure 2.16a indicates a linear or triangular
charge-discharge behaviour with a constant IR drop (responsible for the negative resistive
ohmic loss associated with the active material resistance). Also, the specific capacitance
remains unchanged over the entire potential range. The GCD plot of a faradaic material shown

in Figure 2.16b is completely different as compared to that EDLC curve. For faradaic, the
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curve displays a non-linear plot due to the presence of redox reactions occurring during the

charge and discharge test.

(a) (b)

Potential (V)
Potential (V)

Time (s) Time (s)

Figure 2.16: GCD plot of (a) an EDLC (the figure inset illustrates the IR drop) and (b) a redox
active pseudocapacitor or faradaic [166].

The discharge part of the GCD curves is used to measure the characteristics of the SC
electrodes, such as specific capacitance, energy density, power density and maximum power
density. The capacitance, C (F) of a supercapacitor is given by the well-established equation

2.28.

1At

= 2.2
C AV (2.28)

where | (A) represent is current, AV (V) represent the discharge voltage window without the
IR drop, At (s) represent the discharge time. The energy density, power density and maximum
power density for SCs are calculated from GCD results. Gravimetric energy density, Esp (Wh

kgt) and power density, Psp (W kg™) are calculated by equations 2.29 and 2.30.

CV? 1000

Eo= = 22
»~ 2m 3600 (2.29)
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Eq, % 3600
Pyp= (2.30)

where AV (V) is the maximum voltage region applied, m (kg) is the mass of the active material
in both electrodes and At (s) is the discharge time. The maximum power is calculated using
equation 2.31.

AV? x1000

Pmax = TS ESR (2.31)

where AV is the maximum potential window applied, m (kg) in the mass of active material in
both electrodes and ESR is the equivalent series resistance of the system, determined from
voltage drop at the beginning of the discharge curve from GCD curves and can be calculated

using equation 2.32.

AViRdrop

ESR=
21

(2.32)

Lastly, coulombic efficiency n (%) and capacity retention (%) for SCs is calculated by

equations 2.33 and 2.34.

t
n (%) = de 100% (2.33)

C

where tq is the discharge time and tc charging time.

Cp, final

Capacity retention = x 100% (2.34)

p,2

where C, the initial capacitance and Cp is the final capacitance.

2.8.3.3 Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (EIS) is a powerful and important technique used to

evaluate electrochemical behaviour and to establish a hypothesis using equivalent circuit
. __________________________________________________________________________________________|
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models of electrode material. This technique is commonly used to determine bulk conductivity,
but it can also be used to obtain details about charged particles motion and investigate
interfaces. The ability of a circuit to resist the flow of an electrical current is known as

impedance and it is a more complicated parameter than a simple resistance.

In a supercapacitor device, the relationship between current and voltage is highly nonlinear.
However, pseudo linearity can be assumed when only a small portion of the I-V curve is
considered. The impedance (Z) can be calculated by applying a low-amplitude alternating
excitation potential, E and calculating the phase shift, ¢, in the obtained current, as shown in
Figure 2.17. This phase change is determined by the impedance to current electron flow

induced by electrode kinetics, the electrolyte, diffusion and chemical reactions in the cell [167].

Phase shift

Time

Figure 2.17: Phase shift ¢ in the current | as a response to a sinusoidal perturbation-potential
V in a pseudo-linear system (Adapted from Ref [167]).

The impedance Z () is expressed mathematically as a complex number comprising of real
resistance (Z’) and imaginary reactance (Z”). The resistance is the real part of the complex
number and is a property of the system that is independent of the incident alternating current
(AC). The reactance of the imaginary part is frequency-dependent and appears in capacitors

and conductors when an incident AC frequency is applied. The excitation potential V (V) can
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be expressed as a function of time as in equation 2.35, while the response signal | (A) can be

expressed similarly, but with a phase shift ¢ (rad) as in equation 2.36 [167].
V; = Vgsinwt (2.35)
I, =I,sin(wt- ¢ ) (2.36)

where V: (V) is the potential difference at time t (s), Vo (V) is the amplitude of the potential
signal att =0, It (A) is the current response signal at time t, lo (A) is the amplitude of the current
signal at t = 0 and w (rad-s) is the angular frequency, where o = 2xf and f (Hz) is the

frequency.

The EIS variance is calculated by plotting the imaginary component of impedance — Im (Z) (or
Z”) as a function of the real part Re (Z) (or Z’), which is usually expressed in terms of the
Nyquist plot. EIS is often used to calculate the specific capacitance of three and two electrode
configurations by examining charge transfer (Rct) and total resistances at the electrolyte-
electrode-current collector interface (i.e., ESR). Generally, the EIS curve constitutes two
different parts: a semi-circular loop at high frequency (> 10* Hz) and a linear part at low
frequency due to the different electrochemical phenomena occurring during the

electrochemical measurement as shown in Figure 2.18.
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Figure 2.18: Nyquist plot with R¢t and RQ [168].

On the other hand, EIS data can be plotted in a different format for data analysis purposes. One
such plot format is the Bode plot, which plots both the impedance magnitude |Z (w)|and phase
shift ¢ (w) versus log f. In this plot, the material's electrical response is divided into three
distinct regions. At low frequency, charge transfer and/or diffusion-controlled reactions may
cause electrical relaxation. At intermediate frequencies, relaxations are associated with long-
range ion migration/conduction within the bulk of the electrolyte. At high frequencies (short

times), electrical relaxations are associated with short-range ion migrations.

In addition, EIS data can be fitted to an Electric Equivalent Circuit (EEC), which represents
the various components of the device (e.g., resistors, capacitors and inductors) and their values
can be evaluated. Some of these possible components are: (i) The solution resistance which is
affected by the solution’s ionic concentration, type of ions, temperature and the area where the
conductance occurs; (ii) The double-layer capacitance on the interface between the electrode
and the electrolyte. The resistance depends on the ionic concentration, type of ions,
temperature, electrode surface layer roughness, content and more; (iii) polarization resistance

controlled by the diffusion and kinetics of reactants on the electrode-electrolyte interface; (iv)
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charge transfer resistance formed by a single kinetically controlled electrochemical reaction
that depends on the reaction kinetics, reactants and products’ concentration, etc.; (v) diffusion,
creating an impedance called Warburg impedance, which depends on the frequency. On a
Nyquist plot, the Warburg impedance appears as a line with a 45 ° slope; (vi) the constant phase
element (CPE) is a component that was invented to represents a capacitor that does not behave
ideally and therefore is treated as empirical. This impedance element can be attributed to the
non-uniform current distribution, surface roughness or other factors. The impedance of this

component is calculated using equation 2.36 [169].

1

Zcpg = QG20 (2.36)

where Q is a frequency-independent constant that relates to the interface and n is derived from
the slope of log Z(w) plotted versus log f (with values -1< n > 1). When n > 0.5 but <1, the
CPE is an equivalent element to a capacitor and when n = 0 it resembles a resistor. For n = 0.5

the CPE impedance resembles the Warburg impedance and n = -1 resembles an inductor [170].
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CHAPTER 3

Experimental methods and characterisation techniques

This chapter describes the experimental methods, as well as a brief description of some of the

characterization techniques used.

3.1 Experimental details

3.1.1 Materials

Polyacrylonitrile (PAN) polymer (M= 150000), iron nitrate nonahydrate (Fe(NOs)3-9H.0, 98
%), cobalt nitrate hexahydride (Co(NOs)2:6H20, 98 %), nickel nitrate hexahydrate
(Ni(NOz3)2-6H20, 98 %), N, N-dimethylformamide (DMF, 99.8 %), triethylamine (TEA,
N(CH2CHa)3, > 99.5 %), ethylene glycol (EG, C2HsO2, 99.8 %), potassium permanganate
(KMnOg, > 99.5 %), sodium sulphate (Na2SOa, > 99 %) and manganese sulfate (MnSO4-H-0,
> 99 %), acetonitrile (99,8 %), urea (99 %), potassium hydroxide (KOH) pellets 85%, were all
purchased from Sigma Aldrich (South Africa). Ethanol (C2HeO, 99 %), quarts boat, quart tube,
pure nitrogen (N2) was supplied by Afrox (South Africa), Millipore water (resistivity value of

18.2 MQ cm was collected from the Milli-Q water system), 3.0 M hydrochloric acid (HCI),

carbon paper. All the chemicals were used exactly as received.

3.1.2 Fabrication of electrospun PAN fibres

The LINARI Nano-Tech electrospinning set-up was used for the fabrication of nanofibers. To
begin, a polymer solution was made by dissolving 10% PAN in DMF and stirred for 24 hours

at room temperature. A high direct current (DC) voltage of 9 kV was used, the distance between

. _________________________________________________________________]
THAPELO MOFOKENG 86



the spinneret and the collector was kept at 15 cm and the flow rate was kept constant at 500 uL
hL. The electrospun fibres were deposited on a metal collector plate covered in aluminium foil
for 10 hours. After collecting, the dense fibre mat was stabilized at 280 °C under air for 2 hours

in a tube furnace.

3.1.3 Deposition of the bimetallic catalyst

A bimetallic catalyst Fe-Co deposited on stabilized PAN fibres was synthesized by the co-
precipitation method using urea as the precipitating agent. A ratio of 1:1 (Fe/Co precursors)
was used, and the total metal loading was kept at 10 wt. %. Typically, the metal nitrate
precursors and urea (1.5 moles urea per mole of metal) were dissolved in deionised water (50
mL) and then added to the stabilized PAN fibres, which were dispersed previously in deionised
water (100 mL) at 90 °C. The hydrolysis of urea was allowed to proceed for 12 hrs with stirring,

followed by centrifugation and drying at 70 °C under vacuum.

3.1.4 Synthesis of CNTs on top of stabilized PAN fibres

Prior to the synthesis of CNTs, Fe-Co deposited PAN fibres were annealed at 500 °C for 1 hour
at a heating rate of 5 °C min in an atmosphere of Hz and Ar to enable the reduction of iron
and cobalt precursors to iron and cobalt nanoparticles. CNTs were then grown for 10 minutes
at 800 °C using C2H2 gas as a source of carbon (50 sccm), Hz as a reducing agent (35 sccm)
and Ar as a carrier gas (500 sccm). For the synthesis of N-CNT@CF, the same procedure was
used, but CoH> (50 sccm) was bubbled through CH3CN solution, which was used as a source
of nitrogen. The catalyst in all materials was leached using hot concentrated nitric acid. Scheme

3.1 illustrate a diagram for the fabrication of the N-CNT@CF hybrid as an example.
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Scheme 3.1: Fabrication of N-CNF@CF network by electrospinning and CVD method.

3.1.5 Synthesis of Ni-MOF, Ni/MOFDC and AT-Ni/MOFDC

Nickel-based metal-organic framework (Ni-MOF) was synthesized using a microwave-assisted
solvothermal method [1], with minor modifications. Typically, 1.6811 g (8.0 mmol) of TMA,
10 mL (1.2 mol) of TEA and 1.1632 g (4.0 mmol) of Ni(NO3)2.6H20, were dissolved in 50 mL
(0.9 mol) of EG in a beaker. The mixture was ultrasonicated for 1 hour to ensure homogeneity.
The mixture was then microwave irradiated (MW) for 30 minutes at 600 W and 150 °C before
cooling to ambient temperature. A deep green Ni-MOF crystal was collected, centrifuged three
times using ethanol to remove impurities and then dried for 12 hours in a vacuum oven at 80
°C. The Ni-MOF powder was poured into a quartz boat, placed in a quartz tube and annealed
in an electric furnace for 3 hours at 900 °C under N flow at a rate of 5 °C min’, resulting in
nickel nanoparticles supported MOF-derived carbon (Ni/MOFDC). The Ni/MOFDC was split
into two parts: one was chemically etched with 3.0 M HCI (10 mL), yielding AT-Ni/MOFDC

and the other was not (i.e., Ni/MOFDC).
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Scheme 3.2: Schematic illustrations of the synthesis of the Ni-MOF, Ni/MOFDC and AT-

Ni/MOFDC.

3.1.6 Preparation of Nao.44sMnO:2

The two-step synthetic techniques: Couette-Taylor flow reactor and hydrothermal method were
used to synthesize the sodium manganese oxide material [2]. The stoichiometric ratios of
KMnO4, Na;SOs4 and MnSOs were first calculated. Typically, 0.1054 g of KMnOs was
dissolved in ultrapure water (30 mL), followed by the addition of Na>SO4 to the above solution
A. The Na;SO4 and KMnO4 concentration ratio was 15:1. Subsequently, 0.1690 g of MnSO4
was dissolved in distilled water (20 mL) to form solution B. Solutions A and B were then fed
into the Laminar Continuous Taylor Flow Reactor (LCTR). In the LCTR, the two solutions
were subjected to Taylor-Couette flow, which allows for vigorous homogeneous micro and
macro mixing at 35 °C, resulting in a faster reaction, dense and uniform product particle. The
resultant dark brown solution was then poured into a 60 mL Teflon-lined autoclave and kept
for 1 hour at 160 °C. After the autoclave had naturally cooled to room temperature, the product
was filtered out, washed five times with deionized water/ethanol and dried at 80 °C for 12

hours (see Scheme 3.3).
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Scheme 3.3: Schematic illustrations of the synthesis of the Nag.44MnOx.

3.2 A brief overview of some of the characterization techniques

3.2.1 Scanning electron microscopy (SEM)

In the field of material science and engineering, scanning electron microscopy (SEM) is a fast
and easy technique for the analysis of materials. The SEM can provide high-resolution analysis
and a wide range of analytical modes, each of which provides unique details about the surface

features of the material [3].

The major parts of the SEM, as presented in Figure 3.1, are an electron gun, an electron lens
system, electron-beam deflection coils, various electron detectors, display and recording
devices. A directed electron beam of high-energy electrons is used in SEM to produce a range
of signals at the surface of solid materials. To produce different types of signals, secondary
electrons, back-scattered electrons, characteristic X-ray, light cathode luminescence and
specimen current are used in the process. The secondary electron is used for imaging

information about the depth and morphology at the material surface. The signals result from
|
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interactions of the electron beam with atoms at or near the surface of the material. These signals
that are derived reveal information about the sample such as morphology, thickness, porosity

and orientation of the microscopic materials that make up bulk material.

The surfaces of all the materials in this thesis were electrically conductive, so they were coated
with gold/palladium alloy and carbon materials using a carbon sputter coating method to avoid

the accumulation of electrostatic charge on the surface.

> Gun with filament

, Schottky field
Anode ¢ emitter

. » Multihole aperture

Condenser lens <

Stigmator .
& » Linear tube

, Column

In-Lens detector « :
chamber valve

&

Specimen chamber <

Objective lens
, Scan coil and

T 2 753 .
Vent valve stigmator

Figure 3.1: Schematic representation of an SEM operation [4].

The microstructures, morphology and the elemental composition of the samples were observed
using scanning electron microscope (SEM) coupled with energy-dispersive X-ray (EDX)

analysis using (FEI Nova Nanolab 600) instrument.

3.2.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is an imaging technique that involves transmitting a
focused high-energy electron beam through a thin sample. The electrons interact with the
sample atoms and the transmitted image is then magnified and focused onto an imaging device,
such as a fluorescent screen. As shown in Figure 3.2, TEM consists of an electron source, a

condenser system, an objective lens and a projector system. For elemental studies, many TEM
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instruments have an X-ray detector and/or an energy loss spectrometer. The electron gun is
composed of a cathode and an accelerating system. A thermal cathode, a Schottky emitter or a
cold field emission cathode may all be used as cathodes. The electrons are released at high
temperatures from tungsten or LaBg in the thermal cathode. In a Schottky emitter, a strong
electrostatic field is applied to the tip, lowering the emission barrier. The quantum mechanical
tunnel effect is used in the cold field emission cathode to capture electrons using a stronger
electrostatic field at a sharp tip. To prevent the tip from being destroyed by atoms in the
chamber, this form of cathode requires an ultra-high vacuum. The electrons are then accelerated
towards the anode by a device. Majority of transmission electron microscopes work at 100—
300 kV. Electrons are transferred onto the specimen by a condenser system, which employs
two to five electron lenses. These lenses allow you to monitor the size of the illuminated area
on the sample as well as the illumination angle. The electrons are then transmitted through the

sample, concentrated, and magnified and a picture is formed [5].
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Figure 3.2: Schematic diagram of a typical TEM [6].

TEM analysis was performed on an FEI Tecnai T12 Spirit electron microscope operating at an
accelerating voltage of 120 kV. Sample preparation for TEM measurement was achieved by
dispersing the powdered samples in ethanol followed by ultra-sonication for 3 minutes. The

suspension was then added dropwise to carbon-coated Cu grids before measurement.

3.2.3 Raman spectroscopy

Raman spectroscopy is a technique used to study the molecular vibration, rotational and other
low-frequency modes in materials. In this context, the Raman spectroscopic has been
considered as a potential and a very promising instrumental technique applied in materials and

biological fluids [7]. This technique can also be used to get a better understanding of the
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chemical composition of materials. Raman spectroscopy runs on inelastic scattering of
monochromatic light, which is typically produced by a laser operating in the visible, near-

infrared or near-ultraviolet ranges, as shown in Figure 3.3 [8].

In this process, the molecule is irradiated by electromagnetic radiation which interacts with the
bonds or electron cloud of the molecule and emits a scattered light. The Raman Effect occurs
when light from the laser interacts with molecules, phonons, or other excitations in a material,
causing the intensity of the laser photons to change in relation to the energy or frequency of
the original monochromatic light [9]. The energy or frequency changes in a material provide
details on the vibrational modes. In this thesis, Raman spectroscopy (Jobin-Yvon T6400) with
a 532 nm laser wavelength and spectral acquisition time of 120 s was used to characterize the

materials.

Scattering of light by molecules

Sample molecules Raman scattered light
E>E,
Incident laser

NN ) N/ Rayleigh scattered light

E:EO
B . sl

~" "\. Raman scattered light
E<E,

Figure 3.3: Rayleigh and Raman light scattering by molecules [10].

3.2.4 Powder X-Ray diffraction (P-XRD)

Powder X-ray diffraction (PXRD) is used to characterize large crystallized materials or powder

metals, ceramic minerals, pharmaceutical compounds, organometallic complexes and metallo-
|
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organic materials. It enables fast analysis of powders containing several components without
the need for extensive sample preparation. It is used to uniquely identify phases of bulk
crystalline materials by comparing their unique X-ray signature to a huge database that

practically contains XRD fingerprints of every phase of every known material.

X-ray diffraction is a non-destructive and flexible analytical technique. The X-ray diffraction
peaks are generated by the constructive interaction of monochromatic X-ray beams scattered
by each set of lattice planes. When these waves reach the sample, the sample atoms diffract
them, producing spots at particular angles on the detector plate. By measuring the angle where
these spots occur, the spacing between the atoms can be determined using Bragg's law [11]

given in equation 3.1.
nk=2dsin 6 (3.1)

where n is an integer value (1,2,3...), A is the wavelength of the incident x-ray, d is the spacing
between the diffracting planes and @ is the incident angle. The angle between the projection of
the X-ray source and the detector is 20. The XRD pattern of all the as-prepared materials was
characterized using a Bruker D2 phaser equipped with Cu-Ka radiation (A= 1.5405 A), with an

operating voltage of 30 kV and a current of 10 Ma.

3.2.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is commonly considered an important and key
technique for surface characterization. Generally, XPS is the most quantitative, the most readily
interpretable and the most informative about chemical and electronic information. XPS method
provides a total elemental analysis, except for hydrogen and helium. Without the need for

further sample preparation, the materials are usually analysed as obtained.
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XPS spectra are obtained when a material is bombarded with X-ray photons that interact with
core electrons present around the nucleus of the atoms in the sample. The electrons that escape
the sample, are emitted at specific kinetic energy as shown in Figure 3.4. This kinetic energy
depends on the photoelectron energy and the binding energy required to remove the electron.
As this binding energy depends on the atom type, the orbital in which it is situated and its
bonding neighbours, it can be plotted and analysed and the type of atom, chemical state and

abundance can be determined [12].

The XPS spectrum can provide a variety of levels of spectral interpretation, including simple
elemental analysis, comprehensive considerations of chemical shifts and chemical bonding
nature in the surface region and various loss or relaxation structures that provide additional
details on the chemical nature of the surface. This interpretation becomes progressively more
challenging as one goes to more complex surfaces, such as multi-component and multi-phase

materials [13].
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Figure 3.4: Schematic diagram of XPS operation [14].

X-ray photoelectron spectroscopy (XPS) measurements of all material in this work were
studied using ESCAlab 250Xi XPS with a monochromatic Al ko radiation source (1486.7eV)).
Survey spectra were taken at pass energy of 100 eV and high-resolution pass energy of 20 eV.

The instrument used is located in NMISA, Building 5, CSIR Campus, Pretoria, South Africa.

3.2.6 Surface area and porosity analysis

Specific surface area (SSA) and porosity can be measured by a gas adsorption method. The
Brunauer-Emmet-Teller (BET) technique most commonly used, named after the three who first
published the theory [15], is based on the concept that inert gas is physically adsorbed on the
surface of a solid without reacting, in a single monolayer. This applies to liquid nitrogen (N2)
which has a boiling temperature of -196 °C. Nitrogen gas is most commonly used as it is inert,
and the molecule is small therefore tracing the surface roughness best and enable entering small
pores. The sample is weighed and pre-treated by heating and flowing an inert gas to remove
any adsorbed water or other contaminants. The sample is then cooled, and the inert measuring

gas allowed to adsorb on the surface. The amount of adsorbed gas is measured and is
|
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proportional to the area it adsorbed on, allowing the sample surface area to be calculated. The
SSA and porosity of all materials synthesized in this thesis were measured using an ASAP

2000 Micrometrics TriStar Surface Area and Porosity Analyser.
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CHAPTER 4

Nitrogen-doped carbon nanotube-carbon fibre networks
for high-performance symmetric supercapacitor!

4.1 Introduction

Supercapacitors have received a great deal of recognition both in academia and industry over
the last two decades as one of the most efficient energy storage devices for high power
applications [1, 2]. In addition, as opposed to batteries, supercapacitors have a long cycle life
and can run at a variety of temperatures [3-5]. Supercapacitors are best suited for technical and
engineering applications that involve the fast release of energy, like uninterrupted power
systems (UPS), electric vehicles (especially the "stop-start” mechanism), power machinery

such as forklifts and smart grids, etc.

Supercapacitors made completely of carbon-based materials are known as electric double-layer
capacitors (EDLCs). Carbon-based materials are recognized for possessing desirable properties
that enable an electric double layer (EDL) storage mechanism. These properties include low
cost, high specific surface area, high conductivity and chemical stability. Over the past decade,
different synthetic methods have been used to fabricate advanced carbon-based electrode
materials. This includes designing one-dimensional (1D) nanostructured such as carbon

nanotubes (CNTs) and carbon nanofibers (CNFs) [6, 7], creating surface defects and improving

LA substantial part of this chapter has been published in a peer-reviewed journal: Mofokeng, T.P., Tetana, Z.N.
and Ozoemena, K.I., 2020. Defective 3D nitrogen-doped carbon nanotube-carbon fibre networks for high-
performance supercapacitor: Transformative role of nitrogen-doping from surface-confined to diffusive kinetics.

Carbon, 169, pp.312-326.
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porosity [8] and changing the carbon matrix by doping with other elements such as boron and

nitrogen [9-11].

When it comes to improving porosity, the pore size distribution, as well as the surface area,
have a major impact on the electrochemical performance of the material. In addition, the
conductivity of the material is also important for improving the electrochemical performance
of the electrode material [12]. However, it should be noted that capacitance is not always
proportional to the surface area of the electrode material; instead, uniform pore size distribution
has a major impact on the electrochemical performance of the electrode material. The
formation of an EDL is aided by a high specific surface area, while the adsorption/desorption
pathways of the electrolyte ions are determined by a uniform pore size distribution [13]. As a
result of the electrolyte ions migrating through the inner part of the porous electrode material,
the capacitance of material with micropores would substantially be increasing [14]. But, a
material with high microporosity, on the other hand, increases electrolyte ion diffusion
resistance, leading to unfavourable ion adsorption at the electrode/electrolyte interface,
particularly at high scan rates and current densities. lon diffusion into micropores is low at high
scan rates/current densities due to the inability of the electrode material to keep up with the fast
charging and discharging rate, resulting in poor rate efficiency [15]. Mesopores, on the other
hand, can accelerate electrolyte ions for better charge propagation, whilst macropores can
operate as electrolyte ion reservoirs, shortening electrolyte ions propagation distances. In this
regard, synthesizing hierarchical porous carbon materials that possess uniform pore

distribution will enhance the electrochemical performance of carbon-based electrodes.

Furthermore, doping carbon-based materials with heteroatoms like nitrogen can change its
electrical structure and enhance charge carrier density, leading to surface redox reactions.
These alterations in the carbon matrix can enhance the electrical conductivity, surface
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wettability and capacitance of heteroatom-doped carbon [16, 17]. As a result, heteroatom-
doped carbon materials with a hierarchical 3D porous structure are attractive electrode

materials for improving or expanding supercapacitor application [18].

4.2 Experimental
4.2.1 Materials and methods

Polyacrylonitrile (PAN) polymer (M =150000), N, N-dimethyl formamide (DMF) 99.8 %, iron
nitrate nonahydrate (Fe(NO3)3.9H.0, 98 %), cobalt nitrate hexahydride (Co(NO3)2.6H20, 98
%), urea (99 %), acetonitrile (99.8 %) and potassium hydroxide (KOH) pellets 85 % were
purchased from Sigma- Aldrich (SA). All the chemicals were used exactly as they were

received.

4.2.2 Fabrication of electrospun PAN fibres
The LINARI Nano-Tech electrospinning set-up was used for the fabrication of nanofibers. To
begin, a polymer solution was made by dissolving 10% PAN in DMF and stirred for 24 hours
at room temperature. A high direct current (DC) voltage of 9 kV was used, the distance between
the spinneret and the collector was kept at 15 cm and the flow rate was kept constant at 500 uL.
h1. The electrospun fibres were deposited on a metal collector plate covered in aluminium foil
for 10 hours. After collecting, the dense fibre mat was stabilized at 280 °C under air for 2 hours

in a tube furnace.

4.2.3 Deposition of the bimetallic catalyst

The bimetallic catalyst Fe-Co deposited on stabilized PAN fibres was synthesized by the co-
precipitation method using urea as the precipitating agent. A ratio of 1:1 (Fe/Co precursors)
was used and the total metal loading was kept at 10 wt. %. Typically, the metal nitrate

precursors and urea (1.5 moles urea per mole of metal) were dissolved in deionised water (50
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mL) and then added to the stabilized PAN fibres, which were dispersed previously in deionised
water (100 mL) at 90 °C. The hydrolysis of urea was allowed to proceed for 12 h with stirring,

followed by centrifugation and drying at 70 °C under vacuum.

4.2.4 Synthesis of CNTs on top of stabilized PAN fibres
Prior to the synthesis of CNTs, Fe-Co deposited PAN fibres were annealed at 500 °C for 1 hour
at a heating rate of 5 °C min. CNTs were then grown for 10 minutes at 800 °C using C2H, gas
as a source of carbon (50 sccm), Ho as a reducing agent (35 sccm) for Fe and Co precursors
and Ar as a carrier gas (500 sccm). For the synthesis of N-CNT@CF, the same procedure was
used, but CoH> (50 sccm) was bubbled through CH3CN solution, which was used as a source
of nitrogen. Scheme 3.1 illustrate a diagram for the fabrication of the N-CNT@CF hybrid as

an example.

Water out

Step &

_ Water in
Stabilization .

in alr at Fe-Co
230 °C.2h deposition
Y

\f , 1 -
Stabilized Fe-Co catalyst on N-CNT@CF network
FAN nanofibers PAN fibers stabilized PAN fibers @CF networl

Scheme 4.1: Fabrication of N-CNT@CF network by electrospinning and CVD method.
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4.2 5 Characterization methods

4.2.5.1 Material characterization

The microstructures, morphology and the elemental composition of the samples were observed
using scanning electron microscopy (SEM) coupled with energy-dispersive X-ray
spectroscopy (EDX) analysis using (FEI Nova Nanolab 600) instrument. TEM analysis was
performed on an FEI Tecnai T12 Spirit electron microscope operating at an accelerating
voltage of 120 kV. Sample preparation for TEM measurement was achieved by dispersing the
powdered samples in ethanol followed by ultra-sonication for 3 minutes. The suspension was
then added dropwise to carbon-coated Cu grids prior to measurement. Structural features were
further analysed using Raman spectroscopy (Jobin-Yvon T6400) and X-ray diffraction (XRD)
using a Bruker D2 phaser equipped with Cu-Ka radiation (A= 1.5405 A), with an operating
voltage of 30kV and current of 10 mA. BET surface areas of the samples (~ 200 mg for each
sample) were obtained through N2 adsorption using an ASAP 2000 Micrometrics TriStar

Surface Area and Porosity Analyser.

4.2.5.2 Electrochemical characterization

All electrochemical characteristics were first determined in a three-electrode system (half-cell)
and then a two-electrode system (full-cell). For the preparation of working electrodes, the
active materials were crushed and dispersed in ethanol before being sonicated for 20 minutes
to make a paste. The paste was spread onto a circular carbon paper disk (A= 1.131) and dried
at 60 °C in an oven for 8 hours to guarantee full evaporation of the solvent. The electrodes were
typically loaded with 1.0-1.2 mg of mass. The counter electrode was a circular nickel foam
disk (A=1.131) and the silver wire was used as a reference electrode. The SP300 Potentiostat
(Bio-logic Science equipment operating on EC-Lab software) was used to perform cyclic

voltammetry (CV), galvanostatic charge-discharge (GCD) and electrochemical impedance
|
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spectroscopy (EIS) in a6 M KOH electrolyte. Equations (4.1-4.6) [19] were used to determine
specific capacitance (Cs), energy density (Es), power density (Ps) and maximum power density
based on the discharge time from GCD curves. Equation 4.1 was used to calculate the

capacitance, C (F):

_IxAt
AV

4.1)

where I (A) is the current, At (s) discharge time, m (g) mass of the active electrode material

and AV is the potential window.

Specific capacitance, Cs (F g) for three-electrode system/half-cell was calculated based on

equation 4.2.
C
Cs= - (half-cell) (4.2)

where m (g) is the mass of the active electrode material.

For a symmetric two-electrode device, m (g) represents the total mass of the active material
from both the counter and working electrode and the specific capacitance can be estimated

using equation 4.3.
4C
CSZE (full-cell) (4.3)

The energy density, Es (Wh kg™t) was calculated using equation (4.4).

E_CX(AV)Z 1000 »
T om 3600 (4.4)

where C is capacitance, AV is the potential window and m (kg) is the mass of active material

in both electrodes. The power density, Ps (W kg?) was calculated based on equation 4.5.
|
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E, x 3600
p=—"""""

4.5

T (4.5)

The maximum power density, Pmax (W kg™) was evaluated using equation 4.6.

> _ AVpa” x 1000 6
M 4m x ESR (4.6)

where AVmax IS the maximum potential window applied, m (kg) in the mass of active material
in both electrodes and ESR is the equivalent series resistance of the system, determined from
voltage drop at the beginning of the discharge curve from GCD curves and can be calculated

based on equation 4.7.

A\/i Rdrop
21

ESR= 4.7

where AVirdrop (V) is the voltage drop between two points at beginning of the discharge curve.

4.3  Results and discussion

Figure 4.1 depicts TEM and SEM pictures of the morphology of materials at various phases
of fabrication. Figure 4.1a shows the Fe-Co catalyst deposition on the surface of stabilized
PAN fibres following a 1 h reduction operation at 500 °C in an Ar and H: environment. After
the catalyst was reduced, Fe and Co precursors were entirely reduced to Fe-Co nanoparticles.
In addition, the catalyst was evenly coated on the surface of nanofibers, where it was used as
an active catalyst for the formation of multiwalled carbon nanotubes (MWCNTSs). One of the
key factors in regulating CNTs growth in terms of diameter and length is the uniform catalyst
deposition on top of nanofibers and the size of the nanoparticles, which have a significant
impact on the porosity and surface area of hybrid materials [20, 21]. Figure 4.1(b & c) shows
TEM images of the CNT@CF and N-CNT@CF networks. Both hybrid materials exhibited a

unique hierarchical structure with a high density of MWCNTSs that were linked uniformly on
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top of the CF network. The black dot-like particles observed encapsulated at the tip of the CNTs
validate the tip-growth process [22, 23]. In the inset of Figure 4.1(b & c), high magnification
photographs of the CNT@CF network and the N-CNT@CF network can also be observed. The
outer shells (multiwall) and interior (hollow part) diameters of CNTSs for both hybrid materials
were measured using ImageJ 1.46r software. The CNTs in the CNT@CF network had outer
diameter of 9.8 and inner diameter of 10.1 nm, whereas the N-CNT@CF network had outer
diameter of 6.2 and inner diameter of 18.8 nm. The small outer diameter of the N-CNT@CF
network could indicate few multiwalled carbon nanotubes and a high degree of graphitization,
whereas the larger inner diameter could indicate better porosity due to the wider diameter of
the tubes. However, other characterization techniques such Raman spectroscopy and BET

analysis, are needed to back up the statements made above.

SEM was used to characterize the pristine CFs and their associated hybrid materials. Figure
4.1d shows pristine CFs with ultra-long 1D fibres and a smooth surface, with an average
diameter of 700 nm and lengths of several hundreds of millimetres. CNTs and N-doped CNTs
were uniformly grown on the surface of the CFs network, as illustrated in Figure 4.1(e & f).
The entanglement of CNTs on CFs provides a three-dimensional structure that can store the
electrolyte and enhance ion transport into the active sites of the material, enhancing capacitance

and rate performance [24].
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Figure 4.1: TEM images of (a) Fe-Co@CFs, (b) CNT@CF network CFs (insert show high
magnification), (¢) N-CNT@CF network (insert show high magnification) and SEM images of
(c) CFs, (d) CNT@CF network and (e) N-CNT@CF network.

XRD is a valuable tool for determining the crystallinity of nanomaterials. The XRD patterns
of reference CFs and CNTSs, as well as the CNT@CF and N-CNT@CF networks, are shown in
Figure 4.2a. The diffraction pattern of reference CFs shows a broad diffraction peak centred
at 20 = 25° and a small diffraction peak at 26 = 43.2°, which was assigned to the (002) and
(101) diffraction patterns of disordered carbon structure [24, 26]. On the other hand, the
reference CNTs and CNT@CF networks exhibit four narrow peaks at 2 = 25° and 43.2°, which
correspond to the (002) and (101) graphitic planes of carbon, respectively, while the other two
peaks around 2 = 54.5° and 78.2° are due to the Fe-Co catalyst that remained after acid

treatment on the materials. Only a sharp (002) peak was observed for the N-CNT@CF network.

Furthermore, both materials had an asymmetric (002) peak, with the hybrid materials moving
to higher 26 positions. As a result, a detailed investigation of the (002) was required to detect

structural variations between the reference materials and the hybrids. The peak profiles of the
|
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CNTs, CNT@CF, and N-CNT@CF networks were deconvoluted and fitted using the Voigt
spectral line, while the CFs were fitted using the Gaussian spectral line, as described by Singh
etal. [27]. The (002) peak of the reference CFs sample is shown in Figure 4.2b. Two additional
peaks were discovered in the deconvoluted diffraction pattern, namely y and = peaks. The y
peak is attributed to the presence of amorphous carbon connecting the edges of crystallites [28],
while the & peak is attributed to planar zigzag in the CFs is linked to the presence of aliphatic
carbon atoms from PAN [29]. In comparison to the CFs, the CNTs in Figure 4.2c, showed two
narrow peaks, indicating that the CNTs are more graphitic than the CFs. The two fitted peaks
were attributed to CNTs with different crystalline sizes, as observed from the TEM image (see
Supporting Information, Figure S1 in Appendix A). The deconvolution of the CNT@CF
network (Figure 4.2d) revealed that it comprises two components cantered around 2 = 25.5°
and 2 = 26.6°, respectively, matching the (002) plane reflections of the CFs and CNTs. A peak
attributed to different CNT crystalline sizes was also observed around 2 = 24°. The TEM with
high magnification (insert of Figure 4.1b) of the CNT@CF network reveals this disparity in
crystalline sizes of CNTs. Up on doping the CNT@CF with nitrogen (Figure 4.2¢), only two
peaks were found as a result of the CFs and CNTs components. In addition, the narrower (002)
peak of hybrid materials compared to reference materials suggests that growing CNTs on top
of CFs improves the crystallinity of the hybrid materials [30]. The deconvolution data shown
in (Supporting Information, Table S1 in Appendix A) comprises of peak centre, FWHM,

height, and integral areas.
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Figure 4.2: P-XRD patterns of (a) CFs, CNTs, CNT@CF network and N-CNT@CF network,

and (b, c, d, e) deconvoluted (002) diffraction peak of all materials.

The structural information of carbon materials was analysed using Raman spectroscopy. The
unevenness in the shape of the D and G bands means that the spectrum contains several peak
components. The spectrum was deconvoluted to separate the D and G bands by fitting the sum
of Lorentzian G, D1, D2, and D4 bands, as well as the Gaussian D3 band. The Gaussian curve
was chosen for the D3 band because it provided a better match with the experimental results.
This spectral fitting approach was also employed by Sadezky et al. [31] and Amaral et al. [32].
The curve fitting findings are summarized in (Supporting Information Table S2 in Appendix
A). Figure 4.3(a-d) shows the Raman spectra of all samples, which shows five unique bands
at 1233, 1353, 1543, 1587 and 1623 cm*, which correspond to the D4, D1, D3, G and D bands,
respectively. The D1 band around 1350 cm™, shows the presence of Aig breathing vibration
mode from the presence of surface defects or disorders and the G band around 1580 cm™,
demonstrate the Eaq vibration which is attributed to the sp? hybridized carbon atoms with

graphite crystal structure [33]. The D4 (1200 cm™), D3 (1500 cm™) and D2 (1620 cm™) bands
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result from the disordered graphitic lattice (A1g Symmetry), amorphous carbon and disordered

graphitic lattice (surface graphene layers, Exg-symmetry), respectively [34-36].

To compare the degree of graphitization of the materials, the R-coefficient (R= Ipi/lc) was
used. It should be noted that there are differences in reporting the R-coefficient among
researchers working on Raman spectroscopy of carbon-based materials. Some researchers tend
to use the integral area under the curves to report the (Ip/lg) ratio, while others prefer to use the
height/intensity of the bands [37]. In our situation, the use of the integral area under the curves
was used because all carbon materials had multiple disordered carbon signals. The (Ioi/lg)a
ratio of all the samples had a ratio that varied between 3.85 and 1.72. The low R-values for the
CNTs (Ipy/lc = 1.72) and the CNT@CF network (lp1/le = 1.79) suggest the presence of more
sp? hybridized carbon clusters in the samples and growing CNTSs on top of CFs increases the

graphitization degree of the CFs (Ip1/lc = 3.85) network. This supports the XRD results.

In addition, when the N-CNTs were grown on top of the CFs network (Ip1/lc = 2.66), an intense
D1 band as compared to the G band was observed. The presence of surface defects forming in
the carbon structure after nitrogen incorporation is responsible for the increased intensity of
the D1 band. In addition, relative to all samples, a small flattened D3 band was observed. The
N-CNT@CF network is fairly graphitic, particularly when compared to the reference CFs, but
nitrogen doping causes surface defects in the material, resulting in a high I/l ratio, as shown
in Figure 4.3d. Furthermore, the Ip1/Ip2 ratio is useful to assess the presence of defects in
carbon materials, with the Ip1/Ip2 ratios for vacancy-type and boundary defects in graphene
being approximately 7 and 3.5, respectively [38]. The Ipi/Ip. ratios of the CNT@CF and N-
CNT@CF networks were determined to be 4.02 and 5.88, respectively. In the N-CNT@CF
network, incorporation of nitrogen introduced vacancy-type defects, as shown in Scheme 4.2.

One of the advantages of vacancy-type defects is the high volume of micropores/mesopores in
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the material, which enhances the surface area and hence improves the electric double-layer

capacitance (EDLC) [39].
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Figure 4.3: Raman spectra of (a) CFs, (b) CNTs, (c) CNT@CF network and (d) N-CNT@CF

network.

The N2 adsorption—desorption analysis was used to investigate the porosity of the CNT@CF

and N-CNT@CF networks. Figure 4.4(a & b) illustrate the N. adsorption—desorption

isotherms and pore size distribution curves of the CNT@CF and the N-CNT@CF networks,

respectively. Type IV isotherms with type H3 hysteresis loops are found in all the hybrid

networks, suggesting that they are mesoporous [40, 41].

The surface areas of the CNT@CF and the N-CNT@CF networks sown in Table 4.1 were

found to be 114 and 204 m?/g, respectively. Due to formation defects when N-doped CNTSs are
I
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grown on the CFs network, the specific surface area of the N-CNT@CF network increased
significantly when compared to the un-doped CNT@CF network. This is in agreement with
the high Ip1/lg ratio calculated for the N-CNT@CF network (Figure 4.3d). Using the t-plot
model, the surface microspores (0.1-1.9 nm) for both CNT@CF and N-CNT@CF networks
were determined to be 27.35 and 33.31 m?/g, respectively. The overall percentage of
micropores fell from 24% to 16% when N-doped CNTs were grown on the surface of CFs
networks. This suggests that incorporating nitrogen on the carbon matric can change a
microporous structure into a more mesoporous structure by creating surface defects. The
Barrett-Joyner-Halenda (BJH) approach was also used to assess the pore size distribution
(mesopores and macropores) of the CNT@CF and N-CNT@CF networks (Figure 4.4b). A
continuous pore size distribution within the range of 5-100 nm is observed, which is nearly in
direct proportion to pore diameter increase. The pore diameters of the hybrid networks ranged
between 3.3 and 4.5 nm, according to the BJH technique, as shown in the insert of Figure 4.4b,
consistent with the mesoporous characteristics. The mesopores allow for quick electrolyte ions
adsorption and a short diffusion distance, which improves the charging/discharging

characteristics of the hybrid materials [42].

Table 4.1: Surface parameters and elemental composition of hybrid materials.

Samples  Seer  Micropore Volume  Size CHN analysis XPS atom %
(m¥g)  area  (em¥Y) (M) Cy% H% N% C% 0% N%
(m?/g)

CNT@CF 114 27.35 032 102 819 06 135 963 33 04
N-
CNT@CF 204 31.31 038 109 782 07 287 882 56 58
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Figure 4.4: a) BET adsorption desorption curve and (b) pore size distribution curve of the
CNT@CF network and the N-CNT@CF network (insert pore diameter between 2-6 nm).

The elemental composition and surface chemistry of the CNT@CF and N-CNT@CF networks
were investigated using elemental analysis and X-ray photoelectron spectroscopy (XPS).
Elemental analysis revealed a nitrogen percentage of ~2.87 wt. % in the N-CNT@CF networks,
as shown in Table 4.1. XPS survey spectra shown in Figure 4.5, revealed that both hybrid
materials have three peaks, cantered at 283.4, 400.1, and 532 eV, corresponding to C 1s, N 1s,
and O 1s, respectively. The N 1s peak of N-CNTs@CF networks, is more intense compared to
the CNTs@CF networks, indicating that nitrogen atoms were successfully incorporated in the
carbon matrix. The overall C 1s, O 1s, and N 1s content were determined to be (96.3, 0.4, and
3.3 %) for the CNT@CF and (88.2, 5.8, and 5.6 %) for the N-CNT@CF networks, as shown
in Table 4.1. The nitrogen content for the CNT@CF network is from the polyacrylonitrile

(PAN) polymer used to prepare CFs [43, 44].
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Figure 4.5: XPS survey spectra of CNT@CF network and N-CNT@CF network.

The chemical environments in hybrid materials were further examined by deconvolution of the
C 1s, N 1s and O 1s, as illustrated in Figure 4.6a-f. The C 1s peak of hybrid materials was
deconvoluted into three peaks, namely C—C (sp® carbon, 285.3 eV), C=C (286.5 eV) and C—
OH/C—N (287.6 eV) as shown in Figure 4.6a & b [45]. The creation of surface defect-induced
C-N bonding configurations with either sp? C—N and/or C=N bonding configurations is linked
to the rise in the percentage (4.4%) of the C—-OH/C—N peak found for the C 1s spectra of the
N-CNT@CF [46, 47]. When the hybrid is doped with nitrogen, the fraction of carbon atoms
reduces, implying that carbon atoms are being replaced by nitrogen atoms. The decrease of
carbon is in support of the CHN analysis shown in Table 4.2. The peak analysis of the N 1s
revealed the presence of three nitrogen atom bonding states: pyridinic-N (398.6 eV), pyrrolic-
N (400.2 eV) and graphitic-N (401.2 eV), respectively [48, 49]. The structure of the N species
is illustrated in Scheme 4.2. Pyridinic-N and pyrrolic-N are chemically active compounds that
have been shown to cause structural disorders in graphene layers [42]. In comparison to the
more inert graphitic-N equivalent, such functional groups and disorders are believed to boost
the conductivity of the materials [50, 51]. The O 1s spectrum of the CNT@CF shown in Figure
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4.6e was separated into two peaks O=C-O and C-O at 532.3 and 533.5eV, respectively. The N-
CNT@CF network shown in Figure 4.6f, have an additional peak around 531.2 eV, which is
assigned to C=0. The existence of a C=0 bond indicates the existence of ester, carbonyl, or

carboxyl groups caused by vacancy-type defects (dangling bonds) produced by nitrogen

doping.
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Scheme 4. 2: N-configuration of N-CNT@CF network.

4.3.1 Electrochemical analysis

The electrochemical properties of all electrode materials were first evaluated using a three-
electrode system in a 6 M KOH electrolyte. Nickel foam was used as the counter electrode and
silver wire as a reference electrode. To study the charge storage capabilities of the materials,
cyclic voltammetry (CV) was utilized at scan rates ranging from 5 to 100 mV s? and
galvanostatic charge/discharge (GCD) was determined at various current densities (see Figure
S2 and S3 Supporting Information). The voltammograms of all samples at 5 mV s* are
shown in Figure 4.7a. The CV curves are close to rectangular, suggesting the EDLCs
characteristics. The CV curves demonstrated that N-CNT@CF networks had superior current
responsiveness. This strong current response suggests that the material might have high
capacitance. As indicated by Raman in Figure 4.3, BET and XPS analyses in Table 4.1, the
high specific capacitance of the N-CNT@CF networks may be attributed to the high surface

area, vacancy-type defects and high N content.

The impedance behaviour (both resistive and capacitive behaviour) of the four electrode

materials was evaluated using electrochemical impedance spectroscopy (EIS). Based on the
|
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Nyquist plots obtained from EIS, all of the samples have a semicircle in the high-frequency
region and a straight line in the low-frequency region. The x-intercept at the end of the
semicircle represents the equivalent series resistance (ESR) of an electrode material, which
indicates the contact resistance at the active materials and current collector interface, the entire
ionic resistance of the electrolyte and the resistance of the electrode material itself. The ESR
values of the CFs, CNTs, CNT@CF and N-CNT@CF were found to be, 0.42, 0.14, 0.32 and
0.21 Q, respectively. The charge transfer resistance (Rct) value for the N-CNT@CF network
(2.22Q) was smaller than that of the CNT@CF network (8.45 Q), the CNTs (2.74Q) and the
CFs (15.55Q) (see Table S3 Supporting Information in Appendix A). The smaller
impedance of the N-CNT@CF is more beneficial for electrolyte ion diffusion and charge
storage. In the low-frequency region, it is only the CNT@CF hybrid that gave the Warburg line
at ~ 45° (representing diffusion process) while the other electrodes show near straight lines
parallel with the y-axis (representing capacitive behaviour). It is quite interesting to see how
N-doping can transform the pristine CNT@CF networks from a diffusive process to a
capacitive one with excellent impedimetric/conductive behaviour, in contrast to the general
belief that N-doping generally leads to diffusion-controlled (pseudocapacitive) kinetics. This

unique transformative is further interrogated and discussed in section 4.1.1.
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Figure 4.7: CV curves of (a) CFs, CNTs, CNT@CF and N-CNT@CF at 5 mVs™ scan rates
(b) GCD comparison of CFs, CNTs, CNT@CF and N-CNT@CF at 0.5 Ag™, (c) Comparison
of specific capacitance of at different current densities, (d) EIS measurements of all electrode

materials.

4.3.2 Surface-controlled and diffusion-controlled charge storage contributions

As seen from the above three-electrode results, the electrochemical properties of the material
are influenced by incorporating nitrogen in the carbon matrix. In supercapacitors, incorporation
of nitrogen in the carbon matrix has been shown to increase the capacitance of doped-carbon
electrode material by generating pseudo-capacitance. Previous research reports have shown
that the presence of nitrogen species on the edges of graphene sheets is essential for pseudo-
capacitance [53, 54]. Seredych et al. [55] postulated a link between capacitance and surface
functional groups, as well as the porosity of nitrogen-doped carbon materials, in an acidic
electrolyte. In gravimetric capacitance experiments, Hulicova-Jurcakova and colleagues
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looked at the link between the amount of basic groups, microporosity and the distribution of
quaternary and pyridinic-N-oxide nitrogen species on the surface of micropores [56]. Similarly,
researchers determined that the nitrogen groups pyridinic and pyrrolic (together with the
quinone oxygen groups) have the greatest influence on capacitance. Other study groups
identified pseudo-capacitive effects due to the existence of pyrrole and/or pyridine species after
these studies [57, 58]. Based on the above-mentioned studies, since the materials possess
nitrogen moieties in their carbon structure, diffusion-controlled processes are expected to
contribute to charge storage in CNT@CF and N-CNT@CF networks. In this regard, Conway
and co-workers quantitative analysed the surface and diffusion-controlled charge storage
contribution from the CV curves [59] method is an important step for a better understanding of
charge storage kinetics in such unique nanostructures. As a result, equations 4.8 and 4.9 were
used to calculate the capacitive and pseudo-capacitive contributions from CV data at various

scan rates (5-100 mV s™).

i=ayP (4.8)
logj=blogv+loga (4.9
where j represents the current density, while a and b represent adjustable parameters which can
easily be obtained from the plot of log j against logv. A value of b = 1 indicates that a material
is dominated by the surface-controlled, pure capacitive process; a value of b = 0.5 indicates
that a material is dominated by diffusion-controlled (i.e., Faradaic) process; while b value
greater than 0.5 but less than 1.0 suggests a mixed mechanism (i.e., both Faradaic and non-
Faradaic processes in operation). The slope of log(i) vs. log(v) plots, as seen in the cathodic
direction shown in Figure 4.8a & b, were used to calculate the b-values of both materials.
Thus, the b-values equal to 1 were calculated for CNT@CF, while those of N-CNT@CF are

between 0.5 and 1, indicative of mixed storage mechanisms. These findings back up the theory
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that N-doping adds surface redox capabilities in carbon materials. The b-values in the anodic
direction are shown in (Figure S4a & b, Supporting Information in Appendix A).
The power-law equation may be divided into capacitive and Faradaic current responses using
the same voltammetry technique, as shown by equations 4.10 and 4.11, respectively:

e Capacitive (adsorption-controlled) current response: ia v, =i =kiv (4.10)

e Faradaic (diffusion-controlled) current response: i a /2, =i =kov? (4.11)
Thus, the total current response at a given potential (V) will be as given in equation 4.12:
i =kiv+ kov? (4.12)

= i =kv¥+ks (4.13)
where k1 and ko are constants that describe the capacitive and Faradaic current contributions,
respectively. Thus, by plotting the relationship between i/v*? against v /2, the values of k; and
ko can be obtained (see Figure S4 (c & d), Supporting Information in Appendix A). As
shown in Figure 4.8(c & e), the capacitive current contributions may be shown and
distinguished from the Faradaic contributions by calculating the ki value at various voltages
and scan rates. Figure 4.8(d & f) also shows the surface-controlled and diffusion-controlled
percentages in relation to the various scan rates. For all scan rates, the CNT@CF networks had
higher surface-controlled percentages than the N-CNT@CF networks. This demonstrates that
nitrogen doping introduces surface defects and nitrogen functional groups, which boosts the
pseudocapacitance and the overall electrochemical performance of the material. These findings

support previous research on the role of nitrogen species in pseudo-capacitance improvement.
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Figure 4.8: Log peak current vs log scan rate for (a) CNT@CF and (b) N-CNT@CF obtained
at the cathodic directions; Typical charge storage contributions from capacitive and diffusive
processes from cyclic voltammetry at 5 mV s? for (c) CNT@CF and (e) N-CNTs/CF;
Comparative histograms of the percentage charge storage contributions from capacitive and
diffusive processes from 5-100 mV s for (d) CNT@CF and (f) N-CNTs/CF.

To further investigate the electrochemical performance of CFs, CNTs, CNT@CF, and N-

CNT@CF materials, CV, GCD and EIS techniques were used in a two-electrode. The CV

experiments were performed with the same 6 M KOH electrolyte in the potential range of 0 to
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1V at a scan rate of 50 mV s™. The CV curves of all carbon materials are shown in Figure
4.9(a) and they are all quasi-rectangular in shape, which is very close to the ideal behaviour of
EDLCs. Furthermore, the CV curves of N-CNT@CF shown in Figure 4.9b retained their

rectangular shape at various scan speeds, indicating a strong charge storing process.

The rate capability and cycle stability were investigated using the GCD technique. Figure
4.9(c) shows the GCD curves of all materials at a current density of 0.5 A g. The charge-
discharge curves of all materials are linear, which demonstrate the EDLC nature of the
electrode materials. The specific capacitance was calculated using GCD curves according to
equation 4.1 [60], which indicates the specific capacitance values as a function of current
density. It can be shown that as the current density increased, the specific capacitance decreased
(Figure 4.9d). When the current density is 0.5 A g1, the specific capacitance of N-CNT@CF
electrode materials is 155 F g™t and 137 F g remained when the current density was increased
to 5 A g1. On the other hand, when the current density is 0.5 A g%, the specific capacitance of
CNT@CF is 67 F g and when the current density increases to 5 A g " the capacitance dropped
to 56 F g1. The high specific capacitance for the N-CNT@CF is attributed to the hierarchical
structure, high surface area, high nitrogen content and defects created as a result of nitrogen
doping. The high specific capacitance of N-CNT@CF material was also compared with other

carbon composites electrodes previously reported (see Table 4.2).
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Table 4.2: Comparison of the capacitance of the present N-CNT@CF hybrid network with

previously reported carbon composites electrode materials using 6 M KOH electrolyte.

Materials Electrolyte Specific References

capacitance (Fg)

CNT@m-C 6 M KOH 60 [61]

MWCNTSs and 6 M KOH 91 [62]

graphene sheet

G/SWCNT 6 M KOH 99 [63]

Activated carbon

wrapped CNT 6 M KOH 100 [64]
buckypaper
PAN/pitch base 6 M KOH 131 [65]
CNFs
N-CNT@CF 6 M KOH 156 This work
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Figure 4.9: CV curves of (a) CFs, CNTs, CNT@CF and N-CNT@CF at 50 mV s! scan rates
(b): CV curves of N-CNT@CEF at different scan rates, (c) GCD comparison of CFs, CNTSs,
CNT@CF and N-CNT@CF at 0.5 A g*; (d) Comparison of specific capacitance of at different
current densities, () EIS measurements of CNT@CF and N-CNT@CF electrodes and (f)
coulombic efficiency and capacitance retention of N-CNT@CF.

Figure 4.9e shows the EIS measurements of the CNT@CF and N-CNT@CF hybrid materials
with an electrochemical equivalent circuit (EEC, Figure 4.9e inset). The Nyquist plots are

modelled with the combination RC/Randles circuit comprising of the solution resistance (Rs),
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the charge-transfer resistance (Rc), the internal resistance (Rint) resulting from IR drop, the
double-layer capacitance (Ca) and constant phase element (CPE) due to the porosity of the
electrode materials. In addition, it should be noted that the EIS measurement of CNT@CF
material showed Warburg diffusion region (Zw) which describes the resistance to ion diffusion.
This diffusion resistance for CNT@CF hybrid material may be due to the low ion diffusion

barrier due to less conductivity compared to the N-CNT@CF hybrid materials.
The impedance of the CPE (Zcre) is a power-law relationship, based on equation 4.14 [66, 67]:
Zcre = [Q (jo) 1™ (4.14)

where Q represent the frequency-independent constant associated with the electrode/electrolyte
interface, j = V-1, w represents the radial frequency, while the exponent a is the slope of the log
Z vs. log f, the values of which -1 < a < 1: When a = 0, the CPE is a pure resistor; a = 1, the
CPE is a pure capacitor; a = -1 the CPE is an inductor; while a = 0.5 the CPE is equivalent to
the Warburg impedance (Zw). From Table 3, the value of n = 0.77 indicates a mixed storage
capacitor for the N-CNT/CF-based symmetric supercapacitor, in contrast with the n = 0.96 for
the CNT@CF-based device indicating a predominantly surface-controlled capacitor. The Rs
value for each of the device is the same since similar electrolyte and current collector materials
are used. The Rt value is slightly higher for the N-CNT@CF (~ 10.4 Q) than the CNT@CF-
based system (~ 8.4 Q2), indicating that the latter is more electron-conducting than the former.
Interestingly, the Rint value is more than twice for the CNT@CF-based system (~ 95 Q) than
for the N-CNT@CF-based system (~ 41 Q). Considering that Rint is due to the IR drop (also
known as ohmic polarization or ohmic drop) and associated with the rate at which the
electrolyte ions diffuse between the electrodes, it is perhaps not surprising that the diffusion-
controlled system (N-CNT@CF-based EDLC) gave much smaller Rint value than the surface-

controlled system (CNT@CF-based EDLC).
|

THAPELO MOFOKENG 127



The symmetric system was also subjected to a cycling stability test, which included continuous
charging-discharging for up to 10,000 cycles at a current density of 10 A g, as shown in
Figure 4.9f. After 10,000 cycles, the coulombic performance was 99 % and the capacitance
retention was 93 %. In addition, the capacitance retention of 93 %, is higher than many other
carbon-based materials, such as NPCM1.0 (91.4 %) [69] and CNF-12 (69 %) [70]. Excellent
long-term cycling performance reveals the outstanding chemical stability and re-usage of the

N-CNT@CF hybrid material.

Table 4.3: EIS parameters for the electrode materials for two-electrode (symmetric) systems.

EIS parameters  Electrode material for the symmetric supercapacitor

CNT@CF N-CNT@CF

Before cycling  After cycling Before cycling  After cycling
(zero'" cycle) (10,000 cycle)  (zero™cycle)  (10,000™" cycle)

Rs/ Q 0.27 +0.46 0.37+0.14 0.14 +0.37 0.37 +0.17
ESR (Ret) / 17.73 +£0.81 8.42 +0.44 8.50 £ 0.44 10.37 +0.45
Cal / pF 18.76 + 18.71 10.14 + 2.79 10.15+0.44 6.69 + 1.53
Rint / 58.29 +2.48 95.15+7.79 18.87 + 0.64 41.44 + 3.56
CPE /mF.s"®1) 15.74 + 1.88 3.42 +0.02 3.40 +0.02 7.95+0.05
n 0.93 0.96 0.92 0.77

Zw | Q sr12 - - - 21.33+£0.52

The Ragone plot assesses the device performance in terms of energy and power density. The
Ragone plot of CNT@CF and N-CNT@CF hybrid materials is shown in Figure 4.10a. The
specific energy density of the devices were determined to be 2.3 and 5.5 Wh kg* for CNT@CF
and N-CNT@CF, respectively, with corresponding specific power densities of 247 and 254 W
kg™ at a specific current of 0.5 A g*. The high energy and power density of N-CNT@CF are
attributed to the synergistic effect of high graphitization degree, high nitrogen content and high
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surface area of N-CNT@CF hybrid material. The maximum power density of our assembled
full cell for N-CNT@CF is 41. 7 kKW kg, based on the formulae used by Melchoir et. al.[23].
Furthermore, as shown in Figure 4.10b, a 1.6 V red LED was easily operated by three N-
CNT@CF//N-CNT@CF cells connected in series and lasted for about 3 minutes after charging

to 3.0 V for 30 seconds, demonstrating the practical application of the symmetric system.
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Figure 4.10: (a) Ragone plot and (b) image of 1.6 V red LED bulb lit up by N-CNT@CF
supercapacitor.

4.4 Summary

In conclusion, two techniques were used to fabricate a binder-free hierarchical 3D N-CNT@CF
nanostructure: electrospinning and chemical vapour deposition. The presence of CNTSs, as well
as N-doped CNTs in the CFs network, enhanced the electronic conductivity of the CF. The
fabricated N-CNT@CF hybrid material showed exceptional electrochemical performance,
including a high reversible specific capacity, remarkable rate capability, and extended cycle
stability. The symmetric cell, on the other hand, has a specific energy density of 5.5 Wh kg
at a power density of 254 W kg* and a practical demonstration with an LED bulb demonstrates
that it has a lot of potential in energy storage/management for compact and lightweight devices.
Furthermore, the unique hierarchical porous structure of N-CNT@CF can be used to support
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metal electro-catalyst to achieve enhanced energy density and power density in pseudo-

capacitor applications.
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CHAPTER 5

Nitrogen-doped carbon nanotube-carbon fibre networks
as anode materials for nickel-metal organic frameworks-
derived carbon hybrid supercapacitors?

5.1 Introduction

With the ever-increasing worldwide energy demand and the start of the fourth Industrial
revolution (4IR), developing environmentally clean, cost-effective and viable energy storage
devices has become increasingly relevant [1]. Electrochemical energy storage (EES) systems
that make use of both properties of batteries and supercapacitors are needed to power the next-
generation energy-hungry applications, such as an electric vehicle (EV), portable electronics
and emergency opening systems in buses and planes [2, 3].

Based on their energy storage mechanism, EES can be divided into three categories [4]: (i)
electric double-layer capacitive (EDLC), (ii) pseudocapacitive and (iii) battery-type charge
storage. In summary, an EDLC uses only carbon-based electrode materials and stores charge
at the electrode/electrolyte interface via adsorption of electrolyte ions [5]. Pseudocapacitors on
the other hand make use of transition metal oxides or conducting polymers as electrode
materials and store charge via Faradaic (oxidation and reduction processes) [6] and exhibit
symmetric redox peaks (i.e., peak-to-peak separation, AEp, being essentially zero voltage).
Battery-type energy storage (BTES), on the other hand, is characterized by a bulk redox
mechanism, exhibits asymmetric redox peaks (i.e., AEp is greater than zero voltage) and is

reported to be completely controlled by the Faradaic process [4], a claim with which this study

2 A substantial part of this chapter has been published in a peer-reviewed journal: Mofokeng, T.P., Ipadeola,
A.K,, Tetana, Z.N. and Ozoemena, K.lI., 2020. Defect-Engineered Nanostructured Ni/MOF-Derived Carbons for
an Efficient Aqueous Battery-Type Energy Storage Device. ACS omega, 5(32), pp.20461-20472.
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disagrees with; it is not entirely Faradaic (to be discussed later). The fourth classification,
battery-supercapacitor hybrid or hybrid energy storage system (HESS), or supercapattery or
supercabattery, is gaining a lot of attention in the literature and describes an energy storage
device that combines the qualities of an EDLC and battery material.

Battery-type cathode materials, particularly Ni-based materials, are high-voltage materials as
compared to carbon-based materials utilized in EDLCs. Some authors continue to refer to Ni-
based battery electrodes as pseudocapacitive and calculate energy storage in capacitance
(Farad) rather than capacity (mAh). Researchers in the field of electrochemical energy storage
have expressed concern about this misinterpretation [4, 7-9], as it makes it almost impossible
to compare the electrochemical data in the literature. Another issue raised is the assumption
that charge storage in BTES is solely a diffusion-controlled (Faradaic) process, with the
capacitive process making no substantial influence on the storage mechanism [4]. As a result,
it is crucial to determine if any Ni-based electrode (which is well-known for being a battery-
type electrode) is often operated by a pure diffusion process with negligible surface-controlled
contributions. This knowledge gap in the battery-type energy storage properties of Ni-based
materials encouraged us to investigate the electrochemistry of nickel-based metal-organic-
frameworks (MOF) electrode materials.

Due to their inherent tuneable pore diameters, highly accessible surface areas, active metal
sites, and ordered crystallinity, MOFs have continued to gain considerable scientific attention.
[10, 11]. Due to their excellent properties, MOFs are suitable for different applications,
including supercapacitors [12, 13]. Carbonization of MOFs is a good way to make porous
carbon materials with uniform pore size distributions, high surface area and enhanced electrical
conductivity [14]. MOF-derived carbons (MOFDC) are hence significant electrodes for

supercapacitor applications [15, 16].
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Herein, a microwave-assisted synthesis technique was used to synthesize Ni-MOF as a
sacrificial template yield nanostructured Ni supported MOFDC (Ni/MOFDC). The chemical
etching was done to yield AT-Ni/MOFDC with unique physio-chemical properties that will
improve the electrochemical performance of HESS. Chemical etching confers defect-rich
properties on Ni/MOFDC, together with the production of oxygen vacancies that double its
energy storage capacity [17]. Most importantly, the BTES mechanism is seen to be a mixed
Faradaic/non-Faradaic process rather than a pure Faradaic process, contrary to recent literature
[4].

5.2 Experimental section

5.2.1 Materials
Nickel nitrate hexahydrate (Ni(NOz)2.6H20, 98 %), triethylamine (TEA, N(CH2CHz3)3, > 99.5
%), trimeric acid (TMA, CgHsOs, 99.9 %), ethylene glycol (EG, C2HsO2, 99.8 %) and ethanol
(C2HeO, 99 %) were purchased from Sigma Aldrich. No additional purifications were

performed on any of the compounds or solvents used.

5.2.2 Synthesis of Ni-MOF, Ni/MOFDC and AT-Ni/MOFDC
A microwave-assisted solvothermal approach, with minor modifications, was used to
synthesize nickel-based metal-organic framework (Ni-MOF) [1]. Typically, 1.6811 g (8.0
mmol) of TMA, 10 mL (1.2 mol) of TEA and 1.1632 g (4.0 mmol) of Ni(NO3)2-6H20 were
dissolved in 50 mL (0.9 mol) of EG in a beaker. The mixture was ultrasonicated for 1 hour to
ensure homogeneity. The mixture was then microwave irradiated (MW) for 30 minutes at 600
W and 150 °C before cooling to ambient temperature. A deep green Ni-MOF crystal was
collected, centrifuged three times using ethanol to remove impurities and then dried for 12
hours in a vacuum oven at 80 °C. The Ni-MOF powder was poured into a quartz boat, placed

in a quartz tube and annealed in an electric furnace for 3 hours at 900 °C under N> flow at a
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rate of 5 °C min?, resulting in nickel nanoparticles supported MOF-derived carbon
(Ni/MOFDC). The Ni/MOFDC was split into two parts: one was chemically etched with 3.0

M HCI (10 mL), yielding AT-Ni/MOFDC and the other was not (i.e., Ni/MOFDC).

Ni/MOF

EG, 600W

150 °C, 30 mins

900 °C, 1h, N,

R, -
%

Ni precursor

% '
% Etching
v 3.0 M HCI, 10 ml

AT-Ni/MOFDC Ni/MOFDC

Scheme 5.1: Schematic illustrations of the synthesis of the Ni-MOF, Ni/MOFDC and AT-
Ni/MOFDC.

5.2.3 Characterization
The materials were thoroughly characterized using Fourier transform infrared spectroscopy
(FTIR, BRUKER TENSOR 27), Raman spectroscopy (BRUKER SENTERRA), Powder X-
ray diffraction (XRD, BRUKER D2 diffractometer equipped with Cu Ka radiation (A =
1.54178 A)), X-Ray photoelectron spectroscopy (AXIS SUPRA XPS equipped with an Al Ka
radiation source (1486.6 eV)), transmission electron microscopy (FEI Tecnai T12 Sprint
TEM), scanning electron microscopy (FEI Nova Nanolab 600 SEM), coupled with Energy-
dispersive X-ray spectroscopy (EDX) and Brunauer-Emmett-Teller (BET, Micrometric Tristar
3000) to determine the presence of functional groups, bond vibrations, crystalline structures,

chemical environments, morphological properties, surface area and pore sizes, respectively.
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5.2.4 Electrochemical characterization

5.24.1  Fabrication and testing of single electrode materials
A Bio-Logic SP300 electrochemical workstation with EC-Lab software was used to perform
the electrochemical measurements. The active materials Ni/MOFDC and AT-Ni/MOFDC were
crushed using pestle and mortar and dispersed separately in ethanol and stirred for 2 hours to
generate separate slurries. The working electrodes were then prepared by coating the slurries
onto a carbon paper current collector, which were then dried in a vacuum oven overnight. For
both electrodes, the mass loadings ranged from 1.5 to 2.3 mg. The counter electrode used was
Ni foam, the reference electrode was silver metal and the electrolyte was 3.0 M KOH solution.
The energy storage properties of the materials were investigated using cyclic voltammetry
(CV), galvanostatic charge-discharge (GCD) and electrochemical impedance spectroscopy
(EIS). The EIS experiments were carried out with a 10 mV amplitude AC voltage in the
frequency range of 0.1 Hz to 100 kHz.
5.2.4.2 Fabrication of the N-CNT@CF//AT-Ni/MOFDC hybrid device
The assembly of the hybrid device was carried out with the AT-Ni/MOFDC as a cathode while
N-CNT@CF as an anode, with 3.0 M KOH as the electrolyte. The mass ratio of the cathode to
anode materials (obtained from 3-electrode experiments) was calculated using the conventional
approach for charge-balancing, equation 5.1.
q=q (5.1)
where g* and g are the charges at the cathode and anode, respectively. The optimal mass ratio
was obtained using equation 5.2.

m" ¢ AV

—+
m ¢t AV

(5.2)

where m*, AV and c* are the mass, potential window and specific capacity of the cathode,

while m~, AV~ and ¢~ are the mass, potential window and specific capacity of the anode,
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respectively. Voltammetric specific capacity (Cs), power density (Ps) and energy density (Es)

are following the formulae in equations 5.3-5.6 [6]:

Fldv |
C= [ Al (mAh g!) (5.4)
S 36m 8 '

where $1.dV (A-V) is the voltammetric charge, which is an area under the curve of the CV. S
(V s is the scan rate, | (A) is the discharging current, At is the discharge time and m (g)
represents the active mass of the electrodes.

Specific energy (Es, Wh kg™) and specific power (Ps, W kg™?) are calculated from the

discharge curves using the conventional formulae for the battery and battery-type energy

storage:
_LV.At (Whk g
5= g) (5.5)
m
Eg .
Ps= (Wke") (5.6)

where Es (Wh kgt) represents the specific energy, | (A) defines the discharging current, V (V)
is the voltage, m (kg) is the total mass of the two electrode materials, Ps (W kg™?) is the specific

power, while t (h) is the time of discharge.

5.3 Results and discussion

5.3.1 Physical characterization
The FTIR spectrum of the as-synthesized Ni-MOF shows the functional groups present in the
sacrificial template (see supporting information, Figure Sla in Appendix B). The following
functional groups confirming the formation of Ni-MOF were observed: -OH stretching (3320
cm), C-H stretching (2925 cm™), C-H bending (2865 cm™), CO stretching vibration (1726

cmt), COO™ symmetric vibrations (1568 cm™), C-C stretching (1427 cm™), COO- asymmetric
|
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vibrations (1365 cm™), C-H out-of-plane (1047 cm™), C-H in-plane (869 cm™), CO bending
vibrations (704 cm™) and Ni-O coordinate bond (548 cm™) [18-22]. After carbonization and
chemical etching, the FTIR spectra (see Figure Slb in the supporting information in
Appendix B) show similar moieties in the Ni/MOFDC and AT-MOFDC, which are C-H
stretching (3100.0 cm™), C-H bending (2946.2 cm), carboxylic acid O-H (2363.4 — 2680.0
cm™?), C=N (2168.8 cm™), C=C (2025.5 cm™) and Ni-O (548 cm™), respectively. These

findings indicate that the MOF frameworks were broken down at high temperatures.

The bond vibrations of Ni/MOFDC and AT-Ni/MOFDC are seen in the Raman spectra
displayed in Figure 5.1a. In the Ni/MOFDC, the bond vibrations of Ni-OH (487 cm™) and
prominent MOFDC vibration modes D-band (1350 cm™), G-band (1599 cm™) and 2D-band
(2450 cm™) [23]. The Ni-OH became smooth after chemical etching (AT-Ni/MOFDC), with
minor changes in the D-band (1345 cm™) and G-band (1589 cm™), but the 2D (2450 cm™)
remained in the same place. These findings suggest that the chemically etched sample had some
defects as a result of the removal of the passive Ni(OH)2 layer. Since Ni(OH)2 has been reported
to exhibit substantial interfacial resistance to electron transport, it is essential to remove the
passive Ni(OH) layer [24, 25]. The spectral fitting of all Ni/MOFDC and AT-Ni/MOFDC
materials was used to confirm the defects caused by chemical etching. Both materials revealed
five distinct bands at 1229, 1343, 1489, 1575 and 1610 cm™, which correspond to the D4, Dy,
D3, G, and D2 bands, respectively. Following the procedure used previously [26, 27], the Ipi/l
values of the Ni/MOFDC and AT-Ni/MOFDC composites were determined as 1.8 and 2.1,
respectively. The increased Ipi/lc value of AT-Ni/MOFDC indicates that major defects have
developed in its arrays.

Powder X-ray diffraction spectroscopy was used to investigate the crystalline structures of as-
synthesised Ni-MOF, Ni/MOFDC and AT-Ni/MOFDC (Figure 5.1b). The as-synthesized

Ni/MOF gives two distinct diffraction patterns at 9.7° and 22.2° corresponding to Miller indices
|
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of Ni-MOF (100) and Ni-MOF (101), respectively [25]. Similar diffraction patterns have
previously been identified for Ni-based MOFs and these characteristic peaks are a direct
indicator for the full synthesis of the as-synthesized Ni-MOF [29-31]. The frameworks of the
as-synthesised Ni-MOF disintegrated during high-temperature annealing, yielding nickel
nanoparticles-supported MOF-derived carbon (Ni/MOFDC) with different diffraction patterns
observed at 26.3°, 44.9°, 52.1°, 76.7°, 93.1° and 98.5°, attributable hexagonal graphitic carbon,
MOFDC (002), Ni(111), Ni(200), Ni(220), Ni(311) and Ni(222), respectively [32]. The
hexagonal graphitic carbon peak became more prominent and Ni diffraction patterns widened
after chemical etching of the Ni/MOFDC to give the AT-Ni/MOFDC, implying the formation
of defects in the chemically etched composite and the removal of the passive Ni(OH)2 layer.

This observation supports the Raman data shown in Figure 5.1a.

(a) —— Ni/MOFDC (b) g = NMOFDC
............ T— AT-Ni/MOFDC ,’\_’E\ = ——AT-NIIMOFDC
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Figure 5.1: (a) Raman spectra of Ni/MOFDC and AT-Ni/MOFDC (the insert show typical
deconvoluted Raman signal of carbon) and (b) XRD of the Ni-MOF, Ni/MOFDC and AT-

Ni/MOFDC.

The XPS (Figure 5.2) was used to analyse the chemical composition of the composites before
and after chemical etching, revealing that the composites are primarily composed of Ni, C and
O and that their deconvolutions clarify their chemical environment. The Ni 2p of the
Ni/MOFDC shown in Figure 5.2a was separated into double peaks of metallic Ni and Ni(OH)2

resulting in four distinct peaks at binding energies: 878.5 eV (Ni(OH)2 2py.. satellite), 872.8
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eV (Ni 2p1), 860.7 eV (Ni(OH)2 2ps; satellite) and 855.1 eV (Ni 2P32) [33]. The AT-Ni/
MOFDC shown in Figure 5.2b was also fitted to four distinct peaks at 876.0 eV (Ni 2p1.
shake-up satellite), 869.7 eV (Ni 2p112), 856.8 eV (Ni 2ps/2 shake-up satellite) and 853.2 eV (Ni
2p3r2), respectively [34, 35]. The differences of Ni 2p in the MOF-derived carbons verify the
presence of additional Ni(OH)2 (3p12 and 3pay) satellites in the Ni/MOFDC, while the shift in
these spectra in the chemically etched sample shows the removal of the passive Ni(OH):
satellite and its substitution with metallic Ni (3p12 and 3ps;2) shake-up satellites. In addition,
minor Ni (3p12 and 3pas2) shifts for the AT-Ni/MOFDC to lower binding energies confirm the
development of mainly metallic Ni nanoparticles, owing to the induction of oxygen vacancies
(Ov) and strong interaction between the Ni and C leading to increased electron density for the
Ni, compared to the Ni/MOFDC possessing additional Ni(OH) satellites [36]. The C 1s of the
Ni/MOFDC (Figure 5.2c) were fitted by different peaks at binding energies of 287 eV (O=C-
N), 285 eV (C-0), 284.6 eV (C sp?/sp®) [37] and 282.2 eV for metallic carbide (Ni-C) [38, 39].
After carbonization of the Ni-MOF sacrificial template, the metallic Ni nanoparticles are
thought to stay in the core of the carbon lattice, preventing their exposure. Figure 5.2d reveals
comparable C 1s deconvolution for the AT-Ni/MOFDC, except the metallic carbide continuum
at 282.2 eV, which has flattened. This explains why chemical etching causes defects and strains
in both the Ni and C lattices, as well as the removal of the passive Ni(OH)2 [40]. The
Ni/MOFDC deconvoluted O 1s (Figure 5.2e) reveals two distinct spectra at 532.8 eV (surface
oxygen, Os) and 530.5 eV (lattice oxygen, OL), which can be attributed to the surface covering
of OH on Ni metals and the Ni-O bond in the sample. These results confirmed the formation

of passive Ni(OH)2 on the metallic Ni [41].
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Figure 5.2: Deconvolved XPS scan of the electrocatalysts (a, b) Ni 2p, (¢,d) C 1sand (e, f) O

1s.

Figure 5.2f depicts the deconvolved O 1s for the AT-Ni/MOFDC, which reveals just a single

peak at 531.9 eV (oxygen vacancy, Ov) and a shoulder at 530.5 eV (OL), however, the surface

coverage of OH became smooth, similar to the previous study [40]. These findings show that

chemical etching not only removes the passive Ni(OH). but also creates enriched oxygen
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vacancies in the AT-Ni/MOFDC material. This finding supports previous reports that etching
causes oxygen deficiency in transition metal oxides and hydroxides [41-43].

Figure 5.3 depicts TEM micrographs of Ni/MOFDC, and AT-Ni/MOFDC. The TEM
micrograph of the as-synthesized Ni-MOF is shown in (Supporting information, Figure S2
in Appendix B), depicts interconnected pores distributed over the surface. After annealing at
a high temperature (900 °C), the frameworks disintegrated to form the Ni/MOFDC as shown
in Figure 5.3a, where Ni and passive Ni(OH): layers are tightly packed on the MOFDC with
some aggregation. The AT-Ni/MOFDC (Figure 5.3b) resulted from the chemical etching of
the annealed product, in which the passive Ni(OH)2 layer was removed, leaving more active
metal Ni nanoparticles supported MOFDC with well-dispersed nanoparticles. Figure 5.3(c, d)
shows the Ni nanoparticle size distributions in the Ni/MOFDC and AT-Ni/MOFDC
composites, with mean particle sizes of 13.7 and 11.6 nm, respectively. These findings show
that chemical etching not only removes the Ni(OH). passive layer but also slightly decreases
Ni nanoparticle sizes and raises surface area, providing more adsorption sites for the OH" ions
with a simple redox reaction, which is beneficial in energy storage applications.

The SEM images of the as-prepared Ni/MOFDC and AT-Ni/MOFDC composites are shown
in Figure S3(a, b) in the Supporting Information in Appendix B. EDX was used to describe
the qualitative elemental analysis. The following elements Ni, C, O, N and Au can be seen in
the EDX spectra of both Ni/MOFDC (Supporting Information, Figure S3c in Appendix B)
and AT-Ni/MOFDC (Supporting Information, Figure S3d in Appendix B). The presence of
Au results from the coating of the samples to avoid charging. Also, the HCI employed for

chemical etching can be linked to CI absorption in the AT-Ni/MOFDC.
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Figure 5.3: TEM micrograms of (a) Ni/MOFDC, (b) AT-Ni/MOFDC and corresponding
nanoparticles size distribution of (c) Ni/MOFDC and (d) AT-Ni/MOFDC.

The BET analysis was used to verify the surface area, pore sizes and pore volumes of the as-
prepared Ni-MOF, Ni/MOFDC and AT-Ni/MOFDC composites (see Table 5.1). The Ni-MOF
as-prepared has the largest pore size but the smallest pore volume and surface area. The
structures decomposed into Ni/MOFDC after carbonization, with decreased pore size but
expanded pore volume and surface area. Chemical etching improved the pore size, pore volume

and surface area of AT-Ni/MOFDC material.
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Table 5.1: Brunauer-Emmett-Teller (BET) analysis of the as-prepared Ni-MOF and the

composites.
Samples Pore size / nm Pore volume/cm3g?!  Sger/m?g?
Ni-MOF 7.1670 0.0490 85.0948
Ni/MOFDC 2.9493 0.1049 148.9240
AT-Ni/MOFDC 3.4873 0.1240 153.0463

5.3.2 Electrochemical measurements

5.3.2.1  Three-electrode system
The electrochemical performance of the Ni/MOFDC and AT-Ni/MOFDC electrodes were first
evaluated in a three-electrode system using a 3.0 M KOH electrolyte. The CV curves shown in
Figure 5.4a for both the Ni/MOFDC and AT-Ni/MOFDC display a pair of redox couple at 5
mV s, showing the battery-like behaviour (Faradaic redox reactions). The reaction mechanism
is mostly based on one-electron transfer between the divalent and trivalent nickel (Ni**/Ni*)
in p-type crystals, with the intercalation and de-intercalation of OH" ions (equation 5.7), which

is consistent with previous reports for Ni-based electrodes [44].

Charge

B-Ni(OH), «————— B-NiOOH
Discharge

(5.7)

For the AT-Ni/MOFDC that contains mainly the metallic nickel (Ni%), the metal first undergoes
a reduction reaction to form the nickel hydroxide Ni(OH).. This redox behaviour is similar to
previous reports [45-47]. The AT-Ni/MOFDC has a larger area under the CV curve than the
Ni/MOFDC, indicating that the etched Ni-based material would have a higher specific capacity

(Cs) than the pristine counterpart.
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Furthermore, the Ni/MOFDC and AT-Ni/MOFDC GCD curves (Figure 5.4b) were examined
to determine their charge-storage properties. The AT-Ni/MOFDC had a longer discharging
time at the same current density, which supports the CV curves. The gravimetric capacity of
both electrode materials is determined from the CV curves in Figure 5.4c. According to
equation 5.3, the Ni/MOFDC and AT-Ni/MOFDC electrodes have cyclic gravimetric
capacities of 92 and 199 mAh g at 5 mV s*, respectively. The higher Cs value of the AT-
Ni/MOFDC is due to its fine-tuned physico-chemical properties, which include defect
formation (Raman analysis, Figure 5.1a), enriched oxygen vacancy and removal of passive
Ni(OH)2 (XPS analysis, Figure 5.2), reduced mean Ni nanoparticle size (TEM analysis, Figure
5.3d) and improved surface area (BET analysis, Table 5.1). The redox peaks in both
Ni/MOFDC and AT-Ni/MOFDC increases with increasing scan rate (see Supporting
Information, Figure S4a, b in Appendix B) which a typical electrochemical signature of Ni-
based electrodes [48]. The easy diffusion of the OH" ions is confirmed by the rise in the peaks
of anodic and cathodic current responses [18]. The GCD of electrode materials at various
current densities is depicted in (Supporting Information, Figure S4c, d in Appendix B). The
GCD curves of the AT-Ni/MOFDC (Figure S4d) are asymmetrical, which is characteristic of

battery-type nanostructured Ni-based electrode materials.
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Figure 5.4: (a) CV curves, (b) GCD curves, (c) gravimetric specific capacity and (d) Nyquist
plots of the Ni/MOFDC and AT-Ni/MOFDC for the three-electrode system.

EIS is a useful technique for determining the impedance of different electrode materials [49-
55]. The EIS measurement of the Ni/MOFDC and AT-Ni/MOFDC with an electrical equivalent
circuit is shown in Figure 5.4d. The Nyquist plot is represented by a combined RC/Randles
circuit that includes the solution resistance (Rs), interfacial resistance (Rint) due to IR drop,
charge-transfer resistance (Rct) due to electron transport, the double-layer capacitance (Cal),
constant phase element (CPE) due to the inhomogeneity of the electrode surface and Warburg
diffusion region (Zw) describing the resistance to ion diffusion. The impedance of the CPE

(Zcpe) is a power-law relationship, equation 5.8 [51-55]:

Zere = [Q (o)™ (5.8)
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where Q is the frequency-independent constant associated with the electrode/electrolyte
interface, j = V-1, w represents the radial frequency, the exponent a is the slope of the Log Z
vs. Log F, the values of which are -1 <a < 1: When a = 0, the CPE is a pure resistor; a = 1, the
CPE is a pure capacitor; a = -1 the CPE is an inductor; while a = 0.5 the CPE is equivalent to
the Warburg impedance (Zw). The Nyquist plots show a larger semicircle diameter for the
Ni/MOFDC, suggesting fewer Faradaic reactions near the surface of the active material.
Furthermore, the AT-Ni/MOFDC has a smaller semicircle, which indicates low charge transfer
resistance. It is worth noting that the semi-circle of AT-Ni/MOFDC material is accompanied
by a well-defined 45° line region, which is the hallmark of genuine battery-type energy storage
[4].

The Ni/MOFDC and AT-Ni/MOFDC series resistance (Rs + Rint + Ret) values are 126 and 39,
respectively, based on Table 5.2. Based on these findings, it is apparent that the AT-
Ni/MOFDC has a lower series resistance value, indicating that it has higher conductivity,
thanks to its exposed porous carbon and defect of the more active metallic Ni, whereas the
increased series resistance of the Ni/MOFDC may be traced to the presence of passive Ni(OH).
The interfacial resistance of passive Ni hydroxides to electron transport has previously been
recorded [56]. For the Ni/MOFDC and AT-Ni/MOFDC, Z,, values of 26.76 and 16.28 s/
were observed, respectively. The values of "a" (i.e., 0.88 and 0.76 which are less than 1.0 for
an ideal capacitor, showing a mixture of EDLC and pseudocapacitive behaviour). As a result
of the AT-Ni/MOFDC showed high specific capacity, increased OH" ions diffusion and
increased electrochemical conductivity in the three-electrode system, therefore, only the

chemically etched material (AT-Ni/MOFDC) was used in a subsequent two-electrode system.
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Table 5.2: EIS parameters for the electrode materials for three-electrode systems.

EIS parameters

Electrode materials

Ni/MOFDC AT-Ni/MOFDC
Rs/ Q 0.30+0.01 0.30+0.01
Rint / Q 26.81+1.10 18.16 +£1.00
Cal/ pF 475+1.01 7.25+1.23
Ret / © 100.20 + 0.50 13.63 £ 0.09

CPE / mF.s"N@1) 6.66 +1.41 110.80 + 11.99

a 0.88 0.76
Zw | Q sA 12

29.76 +0.01 16.28 £ 0.01

The charge storage mechanism was determined using Trasatti and Dunn differentiation
techniques as described in section 2.5 in Chapter two. The log(i) vs.log(v) graphs in Figure
5.5(a &b) reveal that the b values are larger than 0.5 (i.e., 0.56 and 0.61 for Ni/MOFDC and
0.59 and 0.77 for AT-Ni/MOFDC) indicating that both electrode materials (Ni/MOFDC and
AT-Ni/MOFDC) exhibit mixed storage mechanism. At a scan rate of 5 mV s, Figure 5.5¢
depicts the voltage profile for the surface-controlled (capacitive) current in contrast to the
diffusion-controlled current. The histogram (Figure 5.5d), which compares the percentage
contributions of Faradaic and non-Faradaic processes, shows that battery-type storage
dominates at low scan rates while EDLC-type storage dominates at high scan rates, indicating
that the AT-NiI/MOFDC electrode material has unique high-energy and high-power
characteristics. In contrast to the literature, the energy storage mechanism of Ni-based battery-
type electrode material is a combined Faradaic/capacitive process. The cycle stability of Ni-
based electrode materials illustrated in (Figure S5, Supporting Information in Appendix B),

demonstrate that the electrodes are robust after 2,000 cycles.
|
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Figure 5.5: (a) Log peak current vs log scan rate for Ni/MOF, (b) Log peak current vs Log
scan rate for AT-Ni/MOF, (c) Comparison of the capacitive and diffusion-controlled
contributions fraction for the AT-Ni/MOFDC at 5 mV s and (d) histograms of the percentage
contributions at 5-50 mV s,

5.3.2.2  Electrochemical study of hybrid device (N-CNT@CF//AT-Ni/MOFDC)
To better understand the battery-type electrode potential of the AT-Ni/MOFDC a hybrid
supercapacitor (HSC) was assembled. The AT-Ni/MOFDC and N-CNT@CF as the positive
and negative electrodes were used to fabricate a simple HSC system in a 3.0 M KOH
electrolyte. The potential windows of the N-CNT@CF and AT-Ni/MOFDC electrodes at 20
mV st scan rate are shown in Figure 5.6a. CV measurements at various voltage windows were
used to check the stable electrochemical window of the HSC (see Supporting Information,
Figure S6 in Appendix B). The HSC uses two electrodes with varying potentials to increase

the working voltage of its device, resulting in a higher energy density [57]. The electrochemical
|
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performance of HSC devices was investigated further at a potential range of 0-1.6 V, with CV
and GCD tests carried out at various scan rates and current densities. The CV curves (Figure
5.6b) of the HSC exhibits a quasi-rectangular shape, which is characteristic of
pseudocapacitance behaviour. The GCD curves of HSC devices at various current densities are
shown in Figure 5.6¢; all GCD symmetrical curves can reach a high potential of 1.6 V,
indicating the high coulomb efficiency of the device [58]. The gravimetric and volumetric
capacity of the HSC device at different current densities are plotted in Figure 5.6d. At a current
density of 0.5 A g, the HSC device exhibits high gravimetric and volumetric capacities of 10
F g*and 37 F cm™, while at a current density of 5 A g™ the capacities are 5 F g™ and 18 F cm
3 which is equivalent to 50 % of the initial capacity.

For any electrochemical energy storage system, cycling stability is very important. Figure 5.6a
shows the coulombic efficiency and capacitive retention of the N-CNT@CF//AT-Ni/MOFDC
device tested at a 5 A g* in the voltage window of 0.0 to 1.6 V. After being subjected to 2000
charge/discharge cycles, the HSC device also exhibited excellent cycle stability with

capacitance retention as high as 94 % and a high coulombic efficiency of ~ 100%.
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Figure 5.6: (a) CV curves of N-CNT@CF and AT-Ni/MOFDC, (b) CV curves of N-
CNT@CF//AT-Ni/MOFDC at different scan rates, (c) typical GCD curves of N-
CNT@CF//AT-Ni/MOFDC at different current densities and (d) capacity versus current
density plot.

EIS can be used to comprehend interfacial electrochemistry and describe the cycling stability
of materials. Figure 5.7b shows the Nyquist plots collected before and after 2,000 cycles. The
EIS parameters before and after 2,000 cycles (modelled with the simple Randles electrical
equivalent circuit, EEC, Figure 5.7b inset) comprises the (i) bulk resistance (Rs) due to the
combined resistances arising from the current collectors, electrodes, electrolyte and separator,
(i) the charge-transfer resistance (Rct) due to electron transport, (iii) interfacial resistance (Rint)
due to IR drop and (iv) the CPE due to the inhomogeneous or irregular structure or morphology
of the electrode surfaces, as previously explained. The modelled parameters are summarized
in Table 5.3. Before and after cycling, the Rs and R¢t values were essentially the same,
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indicating that the HSC's electrochemical efficiency was stable. Furthermore, the CPE "a"
values remain constant at 0.62 (before and after the 2,000 cycle), indicating that the electrode
materials retain their mixed pseudocapacitance mechanism. In general, the EIS data shows that
the structure of the EEI layer, where electrochemistry takes place, does not change over time,
confirming the satisfactory stability (capacity retention of 94 % after 2,000 cycles) shown in
Figure 5.7a.

Table 5.3: EIS parameters for N-CNT@CF//AT-Ni/MOFDC hybrid device before and after
the 2,000"" cycle.

EIS parameters N-CNT@CF//AT-Ni/MOFDC device
Before 2,000 cycles After 2,000 cycles

Rs /Q 9.73+0.49 9.12+0.49

Rect /€ 13.67 +1.22 13.73 +0.63

CPE /mF. sn@1) 1.18 £ 0.95 1.27+1.01

Rint /Q 388.4 + 206 386.5 +209.1

a 0.62 0.62

fo /Hz 2.35 3.49

zls 0.43 0.29

Phase angle -60° -60°

Through analysing the knee frequency (fo/Hz) before and after long-term cycling, changes in
the EEI layer may be compared to the power density of the device [54]. The presence of a high
fo value indicates that the HSC has a high-power density. The HSC has a lower f, value before
cycling (around 2.35 Hz, 7, 0.43 s of response time) than after the 2,000™" cycle (around 3.49
Hz, 7, 0.29 s response time). This small improvement in response times also confirms the

stability of the electrode materials. The Bode plots (Figure 5.7¢) show the phase angles of the
|
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N-CNT@CF//AT-Ni/MOFDC HSC before (-61°) and after 2,000 cycles (-61°), confirming the

diffusion processes.
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Figure 5.7: Electrochemical performance of the N-CNT@CF//AT-Ni/MOFDC hybrid device:
(a) typical cycling performance at 5 A g2, (b) Nyquist plots obtained before and after 2,000
charge-discharge cycles, (c) Bode plots before and after 2,000 cycles of the N-CNT@CF//AT-
Ni/MOFDC device and (d) comparative Ragone plot of this work with a symmetric N-
CNT@CF//N-CNT@CF.

The specific energy vs. specific power density (Ragone plot) of the HSC device analysed in
this Chapter is compared to the symmetric capacitor stated in Chapter four of this thesis. The
N-CNT@CF//AT-Ni/MOFDC device exhibits a higher energy density (8 Wh kg™) and power
density (400 W kg?). Furthermore, the high energy and power density are far higher than the
symmetrical supercapacitor mentioned in Chapter 4, confirming the fundamental assumption

that hybrid supercapacitors have a higher energy and power density than symmetric devices.
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5.4 Summary

Microwave-assisted solvothermal synthesis was used to successfully synthesize Ni-MOF
which was explored as a sacrificial template to prepare Ni/MOFDC composite and
subsequently etched with acid, to yield the AT-Ni/MOFDC. In comparison to the untreated
analogue (Ni/MOFDC), the AT-Ni/MOFDC exhibits superior physico-chemical and
electrochemical properties. AT-Ni/MOFDC has better battery-type energy storage in a three-
electrode configuration, with lower series resistance and higher specific capacity. Faradaic and
non-Faradaic processes have been shown to control the energy-storage process of AT-
Ni/MOFDC. At a current density of 0.5 A g, the assembled N-CNT@CF//AT-Ni/MOFDC
hybrid unit has a specific capacity of 10 mAh g™. In comparison to the symmetric device (N-
CNT@CF/N-CNT@CF), the HSC device has a higher energy density (8 Wh kg™) and a power
density (400 W kg™?), as well as excellent cycling performance (94 % capacity retention after
2,000 cycles). This research opens up a new avenue for investigating the MOF sacrificial
template for developing high-performance BTES electrode materials with mesoporous carbon

support.
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CHAPTER 6

Nitrogen-doped carbon nanotube-carbon fibre networks
as an anode material for nanowire-like sodium manganese
oxide-based asymmetric supercapacitors

6.1 Introduction

In recent decades, the global economy and the global population, has grown rapidly, resulting
in an increase in energy demand. As a result of increased global energy usage, global energy
depletion could pose a threat to human society in the immediate future. Fossil fuels have been
widely used as a primary source of energy in our modern world; nevertheless, fossil fuel
supplies are small and will eventually be depleted [1]. As a result, research into creating clean,
effective and sustainable alternative energy such as solar, tidal and wind has been launched
worldwide to replace fossil fuels. Energy storage is a vital intermediate phase between these

energy resources and diverse energy storage applications [1].

As one of the energy storage devices, supercapacitors (SCs) have emerged as the most
promising candidate for energy storage devices due to their high-power density (>10 kW/kg)
and remarkable cycle life (>10° cycles), which makes them promising candidates for energy
storage devices such as portable devices, hybrid electric cars, optical telecommunication
systems and other renewable energy storage applications [2-4]. However, the poor energy

density of SCs relative to traditional batteries limits their commercialization.

Efforts to improve the energy density of SCs have been made in the last decade, including the
use of various transition metal oxides. Since the energy density is proportional to the specific

capacitance (F g) and the square of the operating voltage, energy density can be improved in
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two ways: electrode material characteristics and electrolyte selection. When it comes to
electrolytes, supercapacitors in aqueous electrolytes could generate substantially more power
density than those in non-aqueous electrolytes due to the higher ionic conductivity of aqueous
electrolytes. Furthermore, aqueous electrolytes are environmentally friendly because they do
not need an anhydrous environment for cell assembly [5]. Nevertheless, aqueous electrolytes
are usually unstable over a voltage window of 1.23 V, however, asymmetric aqueous
supercapacitors, which make use of the different potential windows of two electrodes and the
high oxygen and/or hydrogen over-potentials of the electrodes, could widen the maximum
operating voltage of aqueous electrolytes. Asymmetric aqueous supercapacitors, such as
activated carbon MnO.@C-BD//NPC [6], rGO//Nao.2:MnO; [7], AC//NaMnO:: [8], have been

explored.

Activated carbons and transition metal oxides such as RuO2 and MnO, have commonly been
used as anode and cathode materials, with most transition metal oxides and conducting
polymers exhibiting pseudocapacitance. Lithium-ion hybrid electrochemical supercapacitors
(LICs), on the other hand, have recently been the focus of research [9]. However, the
intercalation or de-intercalation of Li* ions in Li-ion batteries (LIBs) results in high energy
density electrodes, but with low power density, making LIBs unsuitable for high-power
applications [10]. LIC is an alternative device to increase the power density which shows higher
power density than LIBs and higher energy density than SCs. However, due to the limited earth
abundance and high cost of lithium, sustainable resources should be prioritized. Therefore,
since sodium is abundant and has lower costs than lithium, sodium-ion (Na-ion) batteries were
developed as an alternative [11]. Nevertheless, researchers are currently working on Na-ion
hybrid supercapacitors (NIC), however, it should be noted that the field is still in its infancy.
As far as our knowledge is concerned, the only materials found for NIC are V.Os/CNT,

NiC0204, NaxTisO7@CNT, Na-TNT and NaMnO2 polymorphs [12-17].
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Under high charge/discharge rates, electrochemical active materials should have high
reversible capacitance, excellent cycle stability, structural flexibility and fast cation diffusion
[7]. Manganese dominates energy storage devices as a flexible transition metal with several
stable oxidation states (Mn?*, Mn®*, Mn**) as well as diverse crystal structures and morphology
[18]. Manganese dioxide (MnO.) can be used alone or in conjunction with other transition
metals as a cathode material for batteries and SCs. For example, Kim et al. [19], recently
reported novel composite layered—tunnel NaosMnosC0048Mgo.0202 cathode material. In this
study, the NIC exhibited a maximum energy density of 35 Wh kg and good stability retaining
72% of its initial energy density after 3000 cycles. In another study, Clément and co-workers
presented an in-depth investigation of the effect of Mg doping on the electrochemical
performance and structural stability of NazsMnO2 with a P2 layer stacking by comparing three
compositions: NazsMni-yMgyO2 (y = 0.0, 0.05, 0.1). In this study, it was shown that Mg
substitution leads to smoother electrochemistry, with fewer distinct electrochemical processes,
improved rate performance and better capacity retention [20]. Here, we report a simple
hydrothermal route to synthesize the Nao.4sMnO. (NMO) for Na-ion asymmetric capacitor in
different aqueous electrolytes (1M Na>SOs, 3M NaOH and 3M KOH). The motivation of this
study inferred from the pioneering work done by Li and co-workers on aqueous electrolyte
battery demonstrating reversible insertion/desertion of Li/Na in metal oxides [21]. NMO is
regarded as one of the promising cathode materials owing to its high capacity and good cycle
life. Moreover, it can also be used in both agueous and non-aqueous systems, with aqueous
electrolyte systems offering benefits in terms of safety, environmental friendliness and cost.
Since ion-size compatibility with pore-size, charge transfer resistance and electrolyte ionic
mobility are major driving parameters for better performance, a thorough understanding of

electrode/electrolyte interaction and charge storage kinetics is needed.
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6.2 Experimental section

6.2.1 Materials

Potassium permanganate (KMnOas, > 99.5 %), sodium sulphate (NaxSOs, > 99 %) and
manganese sulfate (MnSQO4-H20, > 99 %) were purchased from Sigma Aldrich (South Africa)

and used as received.

6.2.2 Preparation of Nao.44MnOz2

The two-step synthetic techniques: Couette-Taylor flow reactor and hydrothermal method were
used to synthesize the sodium manganese oxide material [2]. The stoichiometric ratios of
KMnOs4, NaxSO4 and MnSOs were first calculated. Typically, 0.1054 g of KMnOs was
dissolved in ultrapure water (30 mL), followed by the addition of Na,SO4 to the above solution
A. The Na;SO4 and KMnO4 mole concentration ratio was 15:1. Subsequently, 0.1690 g of
MnSO4 was dissolved in distilled water (20 mL) to form solution B. Solutions A and B were
then fed into the Laminar Continuous Taylor Flow Reactor (LCTR). In the LCTR, the two
solutions were subjected to Taylor-Couette flow, which allows for vigorous homogeneous
micro and macro mixing at 35 °C, resulting in a faster reaction, dense and uniform product
particle. The resultant dark brown solution was then poured into a 60 mL Teflon-lined
autoclave and kept for 1 hour at 160 °C. After the autoclave had naturally cooled to room
temperature, the product was filtered out, washed five times with deionized water/ethanol and

dried at 80 °C for 12 hours (see Scheme 6.1).
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Scheme 6.1: Schematic illustrations of the synthesis of the Nag.44MnOx.

6.2.3 Characterization

The materials were thoroughly characterized using powder X-ray diffraction (XRD, BRUKER
D2 diffractometer equipped with Cu Ka radiation (A = 1.54178 A)), X-ray photoelectron
spectroscopy (Thermo ESCAlab 250Xi XPS equipped with an Al Ka radiation source
(1486.7eV), transmission electron microscopy (FEI Tecnai T12 Sprint TEM), scanning
electron microscopy (JEOL JSM-7500F) field emission scanning electron microscope (FE-
SEM) equipped with energy dispersive X-ray spectroscopy (EDX)) and Brunauer-Emmett-
Teller (BET, Micrometric Tristar 3000) to determine the crystalline structure, chemical
environments, morphological properties, surface area and pore sizes, respectively. The bulk

density (p, g cm) of the active material in the electrode was calculated by equation 6.1 [22]:

1

1 (6.1)
Vt + (E)

p:

where, V¢ is the total pore volume (cm® g!) and pr is the true density of the materials.
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6.2.4 Electrochemical measurements

The electrochemical behaviour of the samples was carried out in a Biologic-SP300 workstation
in a two-electrode and three-electrode setup using 1 M Na>SO4, 3M NaOH and 3M KOH as
electrolytes. To make a homogeneous slurry in N-methyl-pyrrolidinone (NMP), the active
materials were mixed with acetylene black and polytetrafluoroethylene (PTFE) binder in a
90:5:5 ratio, which was taken and drop-casted onto a carbon paper current collector. The
fabricated electrodes dried for 12 h at 80 °C in a vacuum oven. EIS measurements were carried
out at frequencies ranging from 100 kHz to 0.1 Hz. In a three-electrode and two-electrode
configuration, the specific gravimetric and volumetric capacitance (Cs, F g, Cvo) were
calculated under the CV and GCD curve using equation 6.3 & 6.8 and 6.4 & 6.9. Specific
energy (E, Wh kg) and specific power (P, W kg™) were measured with GCD curves shown in

equation 6.10 and 6.11, respectively, under the two-electrode setup (full-cell).

6.3 Results and discussion

6.3.1 Physical characterization

The morphology of Nao.4sMnO2 was characterized by scanning electron microscopy coupled
with energy dispersive spectrometric (SEM-EDS) and transmission electron microscopy
(TEM). As shown in the SEM image in Figure 6.1a and the TEM image in Figure 6.1b, the
sample exhibits a relatively uniform nanowire structure with an average diameter of about 100
nm and a length of few micrometres (see bar graph in Supporting Information, Figure S1in
Appendix C). It can be seen from EDS mapping in Figure 6.1c that the sample contains four
major elements of Na, Mn, and O and the distribution of these elements are uniform in the
sample. Also, the EDS spectra in Figure 6.1d shows some traces of C, Si, S and K, which are

from the coating, starting materials and quartz boat.
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Figure 6.1: (a) SEM image of Naop.4sMnO>, (b) TEM image of Nao.4sMnO3, (c) EDS mapping
images of Nap.4sMnO. and (d) elemental mapping of Mn, O and Na together with the

corresponding EDS spectrum.

Figure 6.2a shows the XRD pattern of the Nao.s4MnO2 nanowires. All of the reflection peaks
in the pattern are similar to the orthorhombic Nao.44MnO: phase (Pbam, JCPDS no 27-0750)
[17, 23, 24]. The ratio of Na/Mn in the raw materials has been shown to have a significant
impact on the phase purity of Nag44MnO.. There were traces of MnO, and Na SO4 impurities
in the diffraction pattern, suggesting that some portions of the precursors did not react

completely during the synthetic process.

X-ray photoelectron spectroscopy (XPS) was used to check the surface compositions and
oxidation states of Nao44MnO, nanowires and the results are shown in Figure 6.2(b-f). The

XPS spectra show the existence of Na, Mn, O and C atoms. The Na 1s had a peak at about
|
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1070 eV. The Mn 2p peak split spin-orbit components which were Mn 2ps/, at about 641 eV
and Mn 2ps> at about 653 eV, respectively. Both the Mn 2psz» and Mn 2p1> peaks were
deconvoluted into two peaks corresponding to the co-existence of Mn** and Mn** valence state
at 644.1 and 641.3 eV, respectively, in good agreement with previous reports [25]. In addition,
the peak corresponding to the Mn3* state has a higher peak intensity and a larger area under the
curve than the peak corresponding to the Mn** state, suggesting Nao44MnO, would have a
higher Na* ion diffusion coefficient and electronic conductivity, as well as enhanced
electrochemical performance [26]. The presence of oxygen species in Nag.44MnOz is indicated
by the feature peaks of O 1s (Figure 6.2¢e) located at 529.3, 530.8, 531.8 and 533.1 eV [26].
The specific surface area, pore size and pore volume were determined using N2 absorption—
desorption measurements (Table 6.1). The surface areas and pore volume of the as-prepared

Nao 44MnO2 nanowires were found to 27.63 m? g™ and 0.16 cm® g2, respectively.
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Figure 6.2: (a) X-ray diffraction (XRD) pattern of Nao4MnO;, (b) X-ray photoelectron

spectroscopy (XPS) analysis, (b) narrow scan of Na, (¢) Mn 2p and (d) O 1s.

Table 6.1: Brunauer-Emmett-Teller (BET) analysis of the as-prepared Nag.24MnO3.

Samples Pore size /nm Pore volume /cm? ¢! Sget /m? gt

Nao.44sMnO2 22.4493 0.145889 27.6327

6.3.2 Electrochemical measurements

6.3.2.1 Three-electrode system
The electrochemical performance of Nao.44MnO: as an electrode for SCs was investigated by a

three-electrode system in 1M Na>SO4, 3M NaOH and 3M KOH electrolytes. Figure 6.3(a-c)
___
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illustrates the respective cyclic voltammograms at 50 to 5 mV s scan rates. The voltage ranges
are 0.0-1.0 V, 0.0-0.6 V and -0.4-0.6 V, respectively. This shows that the potential windows
are different for all the electrolytes studied. It is seen from Figure 6.3(a-c) that the current
response increases with the scan rate. As shown in Figure 6.3a, the CV curves of Nag.44MnO>
in 1M NaxSO4 electrolyte have a nearly rectangular shape at various scan rates ranging from 5
mV s to 50 mV s, suggesting good capacitive behaviour. This infers that the charge storage
was primarily due to the EDLC type, which involves the adsorption-desorption of ions at the
electrode/electrolyte interface. In 3M NaOH electrolyte, however, the behaviour of
Nao.44sMnO; deviates slightly from the ideal rectangular shape, with two small redox couples,
indicating intercalation pseudocapacitance properties of the Nao.44sMnO; cathode material [27].
Furthermore, in 3M KOH, similar intercalation pseudocapacitance properties of the
Nao.44MnO; were observed. A similar type of redox peaks has been reported for MnO; [28, 29]
and NaxMnO- [27]. The possible charge storage mechanism of Nag44MnO. in 3 M NaOH and

3 M KOH electrolyte is shown in equation 6.2.
NayMnO, + xM "+ xe~ <> NaMnO, (6.2)
M'=Na" orK"

where X represents the mole fraction of inserted sodium or potassium ions. The gravimetric
specific capacitance (Cs in F g) and volumetric specific capacitance (Cs in F cm) of the

electrode/electrolyte systems are calculated from the CV curve using these equations 6.3 and

6.4:

#lav
Cs—m Fg') (6.3)
CVOIZ Cs xXp (F Cm_3) (64)
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where Cs is the gravimetric capacitance of the electrode, Cvol is the volumetric capacitance of
the electrode, #i.dV (A-V) represent the voltammetric charge, which is an area under the curve
of the CV. S (V s™) represent the scan rate, m (g) represents the active mass of the electrodes

and p is the density of the electrode.

At 5 mV s?, the maximum capacitance measured was (99 F g?; 608 F cm™®) for the
Nao.44sMnO2/KOH system, followed by both Nao.44MnO2/Na;SOs and Nao.44MnO2/NaOH
systems with a comparable capacitance of (=26 F g; ~162 F cm?). The difference in
capacitance values in different systems can be attributed to the difference in ion permeability
into the active matrix [30]. The different rate of accessibility of ions into the matrix depends
on the ionic radius, ionic mobility and molar ionic conductivity [31]. Though the size of K*
ions is larger compared to Na* ions, the specific gravimetric and volumetric capacitance are
found to be higher in KOH than that in both Na2SO4 and NaOH. This can be attributed to the
higher conductivity of 3M KOH. According to the report by Senthilkumar et al. [32], the ionic
solvation radius of OH™, NO™3, CI” and SO, in water are 3.00, 3.35, 3.32, and 3.79 A,
respectively. As a result, in terms of ionic conductivity and ionic diffusion rate, the aqueous
electrolyte based on NaOH and KOH has distinct advantages, hence, the high capacitance was
achieved for the Nap.44sMnO2/KOH system. The lower capacitance in the Nao.44MnO2/Na;SO4
system, on the other hand, is due to the higher radius of hydrated Na* ions (3.59 A), neutral
pH, lower ionic mobility and low molar ionic conductivity of Na* ions compared to K* ions.
With an increase in scan rate, the specific capacitance values for all systems are found to
decrease (Figure 6.3d). This is because, at higher scan rates, ions have less access to the interior

surface of the material.
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Figure 6.3: The CV curves of Nao.44sMnOz in (a) 1M Na2S04, (b) 3M NaOH and (c) 3M KOH
medium at scan rate ranging from 5 to 50 mV s, (d) Specific gravimetric and volumetric

capacitance versus scan rate of Nao44MnO- under different aqueous electrolytes.

Figure 6.5(a-c) shows the charge-discharge curves for various Nao.42sMnQO2/aqueous electrolyte
systems at various current densities. As it can be seen in Figure 6.5a, the linear and symmetric
charge-discharge profile without an obvious potential drop is observed for Nao.44MnO2/Na>SO4
system, again verifying the EDLC character. Interestingly, the GCD plots at various current
densities of Nao.44MnO- in both NaOH and KOH electrolytes in Figure 6.5b and Figure 6.5¢c
all show distorted triangular-shaped patterns with obvious deviation from the linear GCD
curves, further confirming intercalation pseudocapacitance. The calculated gravimetric and
volumetric capacities of the three systems are shown in Figure 6.5d. The calculated
gravimetric specific capacitances are 23.4, 41.5 and 108.4 F g corresponding to specific
volumetric capacities of 143.7, 254.6 and 665.6 F cm=, for 1M Na.SO4, 3M NaOH, and 3M

KOH respectively, at 0.5 A g?. The difference in specific capacitance of Nap4sMnO: at
|
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different electrolytes is due to the different ionic sizes, electrolyte conductivity and different
charge storage mechanism. This can be demonstrated based on the pH and ionic solvation
radius of the electrolytes. Based on the Pourbaix diagram, Mn?* jons are only involved in redox
reactions in alkali aqueous (3M NaOH and 3M KOH) electrolytes and not in neutral aqueous
electrolytes such as Na>SO4 and NaNOzs [32]. Thus, the observed Faradaic electrochemical
response of Nao.4sMnO; in both NaOH and KOH electrolytes are mainly due to electron

transfer between Mn3* and Mn?* ions.

On the other hand, OH™ (3.00 A) ions have a small ionic solvation radius relative to SOz *(3.79
A)ions. As a result, the OH™ ions can quickly diffuse through the electrode nanopores, resulting
in a greater number of ions lodged on the surface and hence, a higher specific capacitance [33,
34]. In other words, ions with a smaller ionic radius have higher ionic conductivity in agueous
solutions, therefore, increasing the number of ions that can interact with the active electrode
material. As a result, more active sites are created in the electrode material. Also, the overall,
electrochemical efficiency has been enhanced by lowering the ionic solvation radius of

electrolytes anions and increasing the pH of the electrolytes.
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Figure 6.4: The GCD curves of Nao.4sMnO; in (a) 1M NaxSOs4, (b) 3M NaOH and (c) 3M
KOH medium at current densities ranging from 0.5 to 5 A g, (d) Specific gravimetric and

volumetric capacitance versus scan rate of Nao.44MnO- under different aqueous electrolytes.
EIS is a useful instrument for determining the electrochemical properties of various materials.
Figure 6.5a shows the EIS measurements of the Nao.44MnO: in three different electrolytes. The
Nyquist plot is modelled using a combined RC/Randles circuit that includes the
solution/electrolyte (Rs), the resistance of the electrode surface (Rcs) caused by the resistance
of the SEI to transport of the Na* and K*, interfacial resistance (Rin) due to IR drop, charge-
transfer resistance (Rct) due to electron transport, double-layer capacitance (Cai), constant phase
element (CPE.) due to electrode surface inhomogeneity and the double-layer capacitance (Ca).
The EIS data were fitted using the equivalent circuit as shown in the insert in Figure 6.5a and
the results are shown in Table 6.1, where y? is the deviation indicator. The impedance of the
CPE (Zcee) is a power-law relationship, equation 6.5 [35-37]:
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Zepe = [Q (jw)*]” (6.5)

where Q is the frequency-independent constant associated with the electrode/electrolyte

interface, j = V-1, w represents the radial frequency, the exponent a is the slope of the log Z vs.
log F, the values of which are -1 < a < 1: When a = 0, the CPE is a pure resistor; a = 1, the
CPE is a pure capacitor; a = -1 the CPE is an inductor; while a = 0.5 the CPE is equivalent to
the Warburg impedance (Zw). The Nyquist plots for Naop4MnO2 in Na;SOs and NaOH
electrolytes show a larger semicircle diameter, suggesting decreased faradic reactions at the
active material's surface. Furthermore, the semicircle of Nao4MnOz in KOH is smaller,

suggesting low charge transfer resistance.

According to Table 6.2, the series resistance (Rs+ Rcs + Rint + Rct) values of the Nag.4sMnO>
in 1M Na2SO04, 3M NaOH and 3M KOH are 661, 629 and 216, respectively. Based on these
findings, it can be shown that the Nao.4sMnO2 in KOH has a lower series resistance value,
indicating that it has better conductivity. Furthermore, Nao44MnO2 in Na,SO4 and NaOH
electrolytes has a more vertical line in the low-frequency region than in KOH electrolyte,
indicating strong capacitive behaviour with little diffusion restriction of Nao.4MnO. charge
storage. In the high-frequency region, the diameter of the quasi-semicircle reflects the charge
transfer resistance at the electrode/electrolyte interface [38]. As shown from the insert of
Figure 6.5a that the R¢t of Nao.44MnOz in KOH (1.60 Q) is smaller than that of Nao.44MnO3 in
NaxS04 (7.65 Q) and NaOH (5.43 Q), owing to the high conductivity and fast ion diffusion of
KOH electrolyte ions. Figure 6.5b-d shows the Bode plot of —phase angle vs log (f/Hz) for the
three electrolytes. Naop.44sMnQO> phase angles in Na.SO4 and NaOH electrolytes approached —
80°, confirming capacitive behaviour, while Nao.44MnO2 phase angles in KOH approached —
50°, confirming pseudocapacitance. Furthermore, the obtained “a” values (Table 6.2) are less
than 1.0 for an ideal capacitor, suggesting a mixture of EDLC and pseudocapacitive behaviour.
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Table 6.2: EIS fitting results of Nao.44MnO. in three electrolytes.

Electrolytes 1M Na2SO4 3M NaOH 3M KOH
Rs (2) 2.63+0.67 1.78 + 2.68 0.08 +0.41
Res () 2.95+9.21 3.14 + 8.56 202.5 + 98.96
Ret () 7.65 = 7.47 5.43+7.18 1.60+£1.92
Rint (€2) 648.7 + 391.7 618.2 + 628.3 11.53 +44.37
CPEs (F. sN@D) 1.68 + 0.03 0.35+0.99 0.02 £0.03
CPE (F. sN@D) 0.01+0.04 0.02 £ 0.06 88.14 + 1.56
Cal (F) 0.02+1.31 0.02 +3.41 0.02 +0.09
a 0.80 0.64 0.60
i 0.0035 0.029 1.05
Phase angle -75° -75° -48°
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Figure 6.5: Presents (a) Nyquist plots and (b-d) Bode plots of Nag.44sMnO2 in 1M Na2SOa, 3M
NaOH and 3M KOH. The inset of (a) shows the magnified high-frequency region of Nyquist
plots and the electrical circuit used in the fitting of the impedance data.

The charge storage mechanism was also determined using Trasatti and Dunn differentiation
techniques as described in section 2.5 in Chapter 2. As shown in Figure 6.6b, d & f the log |
vs log v plots show that the b values are greater than 0.5 at different potentials (i.e., 0.88, 1.03,
and 1.18 for NaxSO4, 0.92, 0.96 and 1.14 for NaOH and 0.79, 0.85 and 0.74 for KOH
electrolyte) indicating that Nao.sMnO: in all electrolytes exhibit mixed Faradaic-capacitive
mechanism. In addition, at a scan rate of 20 mV s, typical voltage profiles for capacitive
current with the total current is shown in (Figure 6.6a, ¢ and e). While comparing the
percentage contributions of Faradaic and non-Faradaic processes (see supporting information
Figure S3 (a-c) in Appendix C), it is important to see that the EDLC storage mechanism (non-
Faradaic process/surface-controlled) dominates the from the lowest scan rate (5 mV s?) for

Nao44MnO; in both Na,SO, and NaOH electrolytes. However, at 5 mV s? scan rate for
|
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Nao.44sMnO> in KOH electrolyte, pseudocapacitive-type storage (Faradaic process/diffusion-

controlled) dominated. These results are in good agreement with the CV, GCD and EIS data.
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Figure 6.6: (a, ¢ & e) Comparison of the capacitive and diffusion-controlled contributions
fraction for Nap.4sMnO; at 20 mV s in different electrolytes, (b, d & f) log peak current vs.

log scan rate for Nao.44MnO:3 in different electrolytes.
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6.3.2.2 Asymmetric N-CNTs@CF//Nao.44aMnOz2 supercapacitor characteristics

In comparison to Nao.44sMnO: in 1M Na;SOs and Nao44MnO2 in 3M NaOH electrolytes,
Nao.4sMnO2 in 3M KOH delivered more capacitance (108.5 F g*; 665.6 F cm™) in cyclic
voltammetry and charge-discharge studies. As a result, an asymmetric full cell (N-
CNTs@CF//Nap.4saMnQO2) was fabricated using the Nag44MnO2 and nitrogen-doped carbon
nanotube-carbon nanofiber hybrid material (N-CNTs@CF) as the positive and negative
electrodes, respectively. Figure 6.7a shows the CV curves of Nap.4MnO; and N-CNTs@CF
in a three-electrode system recorded at a scan rate of 20 mV s. The EDLC behaviour of N-
CNTs@CF due to the adsorption-desorption of electrolyte cations (K*) is confirmed by the
rectangular shape CV curve. The far negative working potential (-1.0 V) of N-CNTs@CF in
aqueous electrolyte makes this material promising for use as a negative electrode material for
asymmetric supercapacitors. It is well known that the positive and negative charge should be
balanced for the fabrication of the full cell. For charge-balancing, the mass ratio of the cathode
to the anode materials (obtained from 3-electrode experiments) was determined using the

conventional method, equation 6.6:

9 =q (6.6)

where g* and g are the charges at the cathode and anode, respectively. The optimal mass ratio

was obtained using equation 6.7:

AV
AV™

(6.7)

m- C
mw
where m*, V* and C* denote the mass, potential window and specific capacitance of the
cathode, respectively and m", V- and C™ denote the mass, potential window and specific
capacitance of the anode, respectively. Gravimetric and volumetric specific capacitance (Cs &
Cval), were calculated based on the following formulae in equations 6.8-6.9:
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IxAt

— -1
Cm—ry Feh) (6.8)

CVOIZ Cs xXp (F Cm_3) (69)

where Cs is the gravimetric capacitance, Cvol is the volumetric capacitance, | (in ampere) is the
discharge current, At (in second) is the discharge time, m (in g) is the mass of both electrodes,
AV is the potential window during the discharge process after the IR drop, p is the density of
the electrode materials. The corresponding gravimetric energy density (Es) and power density

(Ps) were obtained from equations 6.10 and 6.11, respectively.

0.5CxAV? N
ST 36 (Whkg™) (6.10)
E % 3600
PS=ST (Wkgh (6.11)

The CV curves were used to maximize the potential window (Figure 6.7a). In 3M KOH
electrolyte, the overall working potential of the asymmetric cell is 1.8 V, which is higher than
that of our earlier work based on N-CNTs@CF-based symmetric supercapacitor (1.0 V) [40].
Figure 6.7b shows the CV measurements for the asymmetric full cell (N-
CNTs@CF//Nao.4sMnOy) at different scan rates. The presence of redox peaks in the CV curves
confirms the presence of pseudocapacitance in the positive electrode. The charge storage
mechanism at the negative electrode (N-CNTs@CF) is aided by the adsorption-desorption of
electrolyte cations (K*) and the creation of an electrical double layer. The possible
electrochemical charge storage reactions on the positive electrode are due to a diffusion-
controlled reversible redox reaction facilitated by the electron transfer between Mn** and Mn?*
ions. Below is the proposed mechanism for the negative electrode based on similar reports [32,

41].
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N-CNTs@CF + xK* xe"«> N-CNTs@CF(xe") || xK* (6.12)
(where || indicates double layer).

The galvanostatic charge-discharge curves of the asymmetric capacitor were recorded at
different current densities, as shown in Figure 6.7c. The mirror-like form of GCD curves shows
good electrochemical reversibility of the cell. In addition, the non-linear GCD curves are
observed, which supports the CV data. Figure 6.7d shows the discharge gravimetric and
volumetric capacitance at various current densities (0.5to 5 A g*) with 47 F g and 86 F cm™®

at 0.5 A g, demonstrating 72 % capacity retention even at a high rate of 5 A g%,
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Figure 6.7: (a) CV curves of N-CNT@CF and Nag4MnO2, (b) CV curves of N-
CNT@CF//Nap4sMnO, at different scan rates, (c) typical GCD curves of N-
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CNT@CF//Nao.44aMnO- at different current densities and (d) capacitance versus current density

plot.

The cycle life of the full cell was studied for up to 5,000 cycles. At a current density of 5 A g
! coloumbic efficiency and capacity retention of the asymmetric cell were measured for 5,000
charge-discharge cycles (see Figure 6.8a). The asymmetric cell has a higher coulombic
efficiency (>97 %), and its capacitance is stable, with over 70 % of its initial capacitance
retained after 5,000 cycles. Figure 6.8b compares the Nyquist plots obtained before and after
5,000 cycles. The EIS parameters before and after 5,000 cycles (modelled with the simple
Randles electrical equivalent circuit, EEC, Figure 8b inset) include: (i) bulk resistance (Rs)
due to the combined resistances arising from the current collectors, electrodes, electrolyte and
separator, (ii) charge-transfer resistance (Rct) due to electron transport, (iii) interfacial
resistance (Rint) due to IR drop and (iv) the CPE due to inhomogeneous or irregular structure
or morphology of the electrode surfaces. The modelled parameters are summarized in Table
6.3. After the 5,000 cycle, the Rs and Ret values decreased slightly (from 3.02 and 9.13 to 0.08
and 8.35, respectively), suggesting that the EEI layer was slightly activated, resulting in
increased conductivity. The "a" values from CPE increased from 0.56 (before cycling) to 0.81
(after 5,000 cycles), indicating that the electrode materials retain their mixed
pseudocapacitance mechanism. Changes in the EEI layer can also be calculated from the power
capability asymmetric device before and after long-term cycling by examining the knee
frequency (fo/Hz) [42]. The presence of a high f, value indicates that the asymmetric device has
a high-power density. The asymmetric device showed a lower f, value before cycling (ca. 25.12
Hz, response time, 7, 39.8 ms) than after the 5,000"" cycle (ca. 37.28 Hz, 26.8 ms). The
activation of the EEI layer of the electrode materials is also confirmed by this slight difference
in response times. The Bode plots (Figure 6.8c) show the phase angles of the N-
CNT@CF/Nao.4sMnO2 asymmetric cell before (-65°) and after 5,000 cycles (-66°), confirming
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the enhanced ion diffusion process. In general, the EIS data shows that the structure of the EEI
layer, where electrochemistry takes place, changed slightly after long-term cycling, confirming
the satisfactory stability (capacity retention of 72 % after 5,000 cycles) shown in Figure 6.8a.

Table 6.3: EIS parameters for N-CNT@CF//Nao.44sMnO, asymmetric cell before and after the
5,000th cycle.

EIS parameters N-CNTs@CF//Nao.44sMnO2 device
Before 5,000 cycles After 5,000 cycles
Rs/ Q 3.02+0.58 0.80 £ 0.50
Ret / Q 9.13+1.83 8.35+0.78
CPE / mF. s"@1 1.87 +3.12 0.92+1.18
a 0.60 0.67
CPE / mF. s"@1 0.02 £1.53 9.08£0.72
fo / Hz 25.12 37.28
z/ms 39.81 26.82
Phase angle 65° 66°
"2 0.00918 0.03408

The Ragone plots derived from charge-discharge curves at different current densities are
compared in Figure 6.8d. At a power density of 450 W kg, the asymmetric device provides
an energy density of 21 W h kg™ and 12 W h kg* also at a high-power density of 4500 W kg~
1. The power and energy density of the asymmetric N-CNT@CF//Nao.44MnO2 C capacitor is
comparatively higher than symmetric (N-CNT@CF//N-CNT@CF) [40]. Furthermore, the
energy density of the asymmetric device is significantly higher than the previously reported

AC//INaMnO; [8], AC//NaNiPO4 [32] and AC//NaNi1;3Co13Mn13PO4 [43] hybrid capacitors,
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corroborating the synergistic influence of N-CNT@CF and Nao.44MnO- in the performance of
the asymmetric device. However, the energy density is low compared with recent reports of
NaMnO.x/NF//AC/NF [44] and NaxMnO2//N-rgo [45]. Overall, Nao.44MnO- is a promising
electrode material for energy storage applications due to its electrochemical reversibility, high

specific capacitance and excellent cycle life.
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Figure 6.8: Electrochemical performance of the N-CNT@CF//Nao.44sMnO2 asymmetric device:
(@) cycling stability and coulombic efficiency of N-CNT@CF//Nag.24MnO; asymmetric device
at 5 A g, (b) Nyquist plots obtained before and after 5,000 charge-discharge cycles, (c) Bode
plots before and after 5,000 cycles of the N-CNT@CF//Nao.44MnQO> device and (e) comparative
Ragone plot of this work with recent literature.

6.4 Summary

In conclusion, the hydrothermal method was used to successfully synthesize Nag.44MnO>
cathode material. Nanowire-like morphology was revealed in SEM and TEM micrographs,
with an average diameter of about 100 nm. XRD was used to identify the formation of
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crystalline Nao.44sMnO. material. XPS verified the existence of Na, Mn and O elements. The
specific surface area and pore size distributions were determined using N2 absorption—
desorption measurements. The charge storage mechanism was proposed after investigating the
electrochemical performance of the Nao.44MnO: in various aqueous electrolytes (1M Naz2SOs,
3M NaOH and 3M KOH). Due to intercalation/de-intercalation like behaviour in 3 M KOH
electrolyte and reversible redox reaction of Mn, the Nao4MnO. delivered a maximum
capacitance of 108 F g*. An asymmetric full cell (N-CNT@CF//Nap.4sMnQ3) was fabricated
and it delivered a high gravimetric and volumetric specific capacitance (47 F g%, 86 F cm),

the energy density of (21 W h kg*) and power density of (450 W kg?) at 0.5 A g L.
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CHAPTER 7

“Water-In-Salt” electrolyte-based high-voltage (3.0
V) Naop.44sMnO; asymmetric capacitor

7.1 Introduction

With the ever-increasing demand for environmentally friendly and sustainable energy storage
devices, rechargeable batteries and supercapacitors have received extensive attention for use
in portable electronic devices (PED), electrical vehicles (EV) and grid-scale energy storage
systems (ESSs) [1]. However, the energy and power demands of the above-mentioned
applications cannot be met by batteries or supercapacitors alone, because rechargeable batteries
offer high energy density but low power density, whereas capacitors offer high power density
but low energy density. Therefore, to alleviate such limitations, it is best to combine these two

devices in a hybrid system and have synergy from both devices.

Recently, the use of high energy density battery materials, especially lithium-ion batteries
(LIB) and high-power density supercapacitors have been explored in hybrid systems [2].
Commercial LIB currently offers a higher energy density (150-210 Wh kg?) than
supercapacitors (5 Wh kg?) but at the expense of low power density (~ 1 kW kg™?) and long
charge/discharge time [3-5]. At the same time, LIB cycle life is limited to approximately 1000
cycles [6]. In addition, at high current densities, the use of lithium intercalated materials such
as LiMn2O;4 as a cathode and activated carbon (AC) as an anode has been reported to have
difficulties with the intercalation and deintercalation of Li* ions [7]. As a consequence, the
energy density of the AC//LiMn2Os asymmetric capacitor decreases very rapidly with

increasing current density.
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On the other hand, the rapid growth of lithium consumption leads to continuously increasing
demand for lithium and the inherent limitations of lithium supply and demand are difficult to
resolve, given the disproportionate distribution of lithium resources. Therefore, an alternative
to lithium must be considered, especially for large-scale energy storage applications in the
foreseeable future [8, 9]. The sodium-ion battery (NIB), which has a reaction pattern
comparable with that of the LIB, is one of the promising alternatives because of its low cost
and the abundance of sodium resources [10]. In addition, the use of Na-based materials instead
of Li-based materials allows the use of aluminium as an anode current collector, which provide

a cheaper alternative to the use of copper current collectors [11].

Furthermore, due to the similarities between LIBs and NIBs, NIB equivalents of LIB cathode
materials, including oxides and phosphates, have been extensively studied [12, 13]. Among
these, Mn-containing compounds such as sodium manganese oxides e.g., (Nags7MnOy,
Nao.4sMnOz) and other Na-compounds (NaxMnyBO2, B-transition metal) are widely
researched for rechargeable NIBs as cathode materials [14]. This is because sodium manganese
oxide compounds are known to be cost-effective, non-toxic and have a high theoretical capacity
[15]. Among various cathode materials for NIBs, Nao.44MnO2 (NMO) has been identified as a
highly promising cathode material, due to its large theoretical capacity (~ 121 mAh g1) and
good stability, even in aqueous electrolytes [16, 17]. The microsphere Nao.44MnO- as a cathode
material can afford fast Na-ion transportation and accommodate the structural strain from
multiple phase changes during the process of Na ions intercalation/deintercalation [7].
Furthermore, the electrochemical performance of the Nao.4sMnO; cathode for NIBs can be
greatly improved by changing its morphology (shape and size) and regulating surface activity

[18].
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Nevertheless, owing to their ultra-high-power density and excellent cycling stability,
supercapacitors are considered the front-runner for next-generation EES devices. However,
their practical application is constrained by their relatively low energy density and hence, it
would be exciting to transplant the high specific energy of LIB to supercapacitors. According
to the equation E=1/2CV?, the energy density of supercapacitors can be improved by either
increasing the specific capacitance (C) or voltage window (V). Besides, designing novel
micro/nanostructured electrode materials to increase specific capacitance, several studies have
focused on extending the voltage window of supercapacitors [19]. As the key component of
supercapacitors, electrolyte plays a dominant role in the electrochemical performance and in

determining the cost and safety of the overall device [20].

Supercapacitors can be assembled using different types of electrolytes such as aqueous (acidic,
neutral, base), organic electrolytes, ionic liquids, gel-electrolytes and solid-state electrolytes
(without any solvent). Among these, organic and ionic liquid electrolytes exhibit appealing
applications in supercapacitors due to their wider electrochemical window (> 2V) [21].
However, these electrolytes contain large amounts of expensive yet flammable solvents with
certain levels of toxicity, which makes the device assembly conditions relatively harsh.
Consequently, agueous electrolytes have been established as promising alternative candidates
for supercapacitors. They are several distinct merits of aqueous electrolyte supercapacitors,
there are safe, low cost, have high electronic conductivity and mild assembly environment.
[22]. Nevertheless, the electrochemical stability voltage window of aqueous electrolytes is as
small as 1.23 V, which, due to the presence of hydrogen and oxygen evolution reactions,
severely limits the optimum choice of cathode and anode materials in asymmetric

supercapacitors [23].
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Distinguished from traditional aqueous electrolytes, high concentrated 'water-in-salt' (WIS)
electrolytes in which the dissolved salts far exceed the water molecules (salt/solvent ratio > 1
by volume or weight) have been reported to expand the stable voltage window up to 3.0 V [23].
These rather stable super-concentrated WIS electrolytes have been successfully applied to
enable high-voltage aqueous LIBs and NIBs [24, 25]. In this work, we report on an asymmetric
‘water-in-salt’ (WIS) aqueous supercapacitor using nitrogen-doped reduced graphene oxide

(N-rGO) as an anode and sodium manganese oxide (Nao.42sMnQO) as a cathode.

The rate performance of aqueous batteries is limited by the low conductivity and the high
viscosity of the WIS electrolytes because of the strong electrostatic cation-anion attractions. If
WIS electrolytes are used, this strong ion coupling will significantly impair the rate
performance of supercapacitors, especially during fast charge/discharge rates. To alleviate such
concerns, we introduced a co-solvent-in-salt system by blending acetonitrile with a WIS
electrolyte (17m (NaClO4)17/(H20)s5) to make an acetonitrile/water in the salt electrolyte
(NaClO4)1.7/(H20)55(ACN)2 (AWIS)). Acetonitrile was used as a co-solvent to compete with
water molecules to coordinate with Na* ions, to reduce some of the water molecules

coordinated with Na* ions.

7.2 Materials

Graphite powder (<20 um), potassium permanganate (KMnQOa, 99%), sulfuric acid (H2SOg,
98%), phosphoric acid (HsPO4, 85%), hydrogen peroxide (H202, 30%) and barium chloride
dihydrate (BaCl>'2H»0, 96%) were purchased from Sigma Aldrich, South Africa and used as
is without any further purification. A 10 % hydrochloric acid solution was prepared by diluting

a purchased HCI (36%, Sigma Aldrich, South Africa) solution with distilled water.
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7.2.1 Preparation of graphene oxide (GO)

Graphene oxide was synthesized using the improved Hummers’ method [26]. In brief graphite
powder (3 g) and KMnOj4 (18 g) was carefully added into an ice-cold (0 °C) H2SO4 and H3PO4
(360 mL: 40 mL) acid mixture while stirring. This reaction mixture was stirred for 12 h at 50
°C and terminated by adding 3 mL of H20O. followed by 400 mL of ice-cold distilled water.
The brown gel was centrifuge washed at 15000 rpm with 10% HCI to remove all the sulphate
ions (tested using BaCl»'2H20) and with distilled water until a pH of ~7. The obtained gel was

ultra-sonicated for an hour and vacuum freeze-dried at ~ -80 °C for a week.

7.2.2 Preparation of N-doped reduced graphene oxide (N-rGO)

N-rGO was synthesized by a modified method reported by Yang et al. [27] with GO as raw
material and urea as a reducing-doping agent. In a typical process for preparing N-rGO,
graphene oxide (451.1 mg) was dispersed in 100 mL distilled water by ultrasonication.
Afterwards, 1.3533 g of urea was dissolved in the above suspension and then place in a
refluxing set-up at a temperature of 90 °C. After refluxing for 6 hours, the resulting product
was separated by filtration and dried in an oven at 80 °C for 24 hours. The resulting black
powder was then annealed at 350 °C for 1 h in a tubular furnace at the heating rate of 1 °C/min.
The obtained black powder was rinsed with excess distilled water and dried at 80 °C overnight

in an oven. The obtained N-doped reduced graphene oxide was named N-rGO.

7.2.3 Electrochemical measurements

The electrochemical behaviour of the samples was carried out in a Biologic-SP300 workstation
in a two-electrode and three-electrode setup using WIS and AWIS as electrolytes. To make a
homogeneous slurry in N-methyl-pyrrolidinone (NMP), the active materials were mixed with
acetylene black and polytetrafluoroethylene (PTFE) binder in a 90:5:5 ratio, which was taken

and drop-casted onto a carbon paper current collector. The fabricated electrodes were dried for
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12 h at 80 °C in a vacuum oven. EIS measurements were carried out at frequencies ranging
from 100 kHz to 0.1 Hz. In a three-electrode and two-electrode configuration, the specific
gravimetric (Cs, F g™) were calculated under the GCD curve using equation 7.3 in section
7.4.1.1. Specific energy (E, Wh kg™') and specific power (P, W kg*) were measured with GCD
curves using equation 7.5 and 7.6 in section 7.4.1.1, respectively, under the two-electrode setup

(full-cell).

7.3 Physical characterization

The phase characteristics of the GO and N-rGO powders were determined by powder X-ray
diffraction (Bruker D2 phaser diffractometer) in the scan range 5° < 26 < 90° with a 0.02°
measurement step, using a Cu-Ka (4 = 0.154 nm) radiation source. Raman measurements were
conducted on a Horiba LabRAM Raman spectrometer equipped with an Olympus BX41
microscope attachment. The morphology of the samples was established using a transmission

electron microscope (FEI Spirit T12 instrument at 120 keV).

7.4 Results and discussion
The results and the discussion below are for only N-rGO negative electrode. The positive

electrode Nap.44MnO2 was discussed in CHAPTER 6.

The X-ray diffraction patterns for GO and N-rGO are illustrated in Figure 7.1. GO has distinct
peaks located at 26= 12.2° and 42.9° attributed to (001) and (100) planes, respectively. The
narrow (001) peak corresponds to an interlayer spacing of 0.73 nm, which is higher than that
of graphite (0.34 nm) due to the incorporated oxygen functionalities on the graphite sheets [26].
After reduction with urea, the (001) plane disappears and the graphitic (002) plane emerges at
260= 24.4° producing an interlayer spacing of 0.36 nm. This value is lower than that of GO
because of the decreased oxygen moieties, as a result of reduction; and slightly higher than that
of graphite due to structural defects produced by N-doping in the graphitic structure. The broad
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peak centred at 260= 43.7° is associated with the overlap of the (100) and (101) planes of
graphite [28]. The broadness of the diffraction peaks in N-rGO suggests a low ordering along
the stacking direction which can also suggest that N-rGO consists of free-standing sheets [29].
The crystallite stack height and in-plane crystallite size (Lc and La) were low in N-rGO as
compared to GO, which serves as further confirmation of the removal of oxygen functionalities.
Only a slight difference in the number of stacked sheets (N¢) is observed suggesting that the

number of stacked sheets in GO and N-rGO is between 3 and 4 (Table 7.1).

Table 7.1: Crystallographic parameters for GO and N-rGO.

(002) or (001) Lc dooz Nc (100) Plane La

Plane (26 (°)) (nm) (nm) (26 () (nm)
GO 12.2 2.7 0.73 3.7 42.9 16.7
N-rGO 24.4 1.2 0.36 3.2 43.7 5.0
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Figure 7.1: XRD spectrum of GO and N-rGO.

The Raman spectra of GO (Figure 7.2a) shows a prominent G band at 1590.3 cm™ which is
induced by the first-order Raman scattering processes of the in-plane vibrational modes of the
sp? carbon in the graphene basal planes and a disorder-induced D band at 1358.2 cm™ [30, 31].
Three additional bands, D1, 2D and D+D’, were observed at 1148.4 cm™, 2709.7 cm™ and
2939.9 cm?, respectively. The D1 band is ascribed to disorder in the graphitic lattice, sp>—sp®
bonds or the presence of polyene-like structures [32]. The 2D band is a result of the double
resonance process which include intervalley scattering by two in-plane transverse optical (TO)
phonons near the k point of the Brillouin zone [30]. The D+D’ band is a second-order peak
derived from the combination of the D and G band [33]. N-rGO, the G band is slightly shifted
to a higher wavenumber (1593.1 cm™) and the D, 2D and D+D’ bands to lower wavenumbers

(1349.4 cm®, 2691.5 cm™ and 2936.2 cm™, respectively). The shifts in wavenumbers may be

. _________________________________________________________________]
THAPELO MOFOKENG 211



associated with the strain produced in the carbon structure during reduction. An overtone of

the 2D band, 2D’, at 3173.7 cm™ is also observed for N-rGO.

The intensity (or area) ratio of the D and G band provides information regarding the degree of
disorder in the carbon structure [30], while the 2D to G intensity ratio gives an estimation of
the number of graphene layers [34]. An increase in the degree of disorder is observed from GO
to N-rGO due to the combined effects of the incorporation of N species which produced more
structural defects in the carbon structure. This is further supported by the increase in the
intensity ratio of the D+D’ and 2D bands [33]. The l2p/lg ratio of both GO and N-rGO was

lower than 1 (0.20 and 0.13) suggesting a multi-layered graphene structure.

(b)

(a)

—GO
N-rGO

Intensity (a.u.)

2000 =00 3000
Raman shift (cm™)
D +D'

_—
L]
S

Intensity (a.u.)

Intensity (a.u.)

1000 1500 2000 2500 3000

1
2000 2500 3000

. -1
Raman shift (cm ) Raman shift (cmi™)

Figure 7.2: (a) Raman spectrum of GO and N-rGO (b) deconvoluted 2D peaks of GO and (c)

deconvoluted 2D peaks of N-rGO.
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Table 7.2: Raman parameters for GO and N-rGO.

D Band G Band 2D Band
Centre In/le l2o/lc
Centre Area Centre  Area
(cm) (cm) (cm™)
GO 1358.2 306244.2  1590.3 180577 2709.7 1.70 0.20

N-rGO 1349.6 800589.5 1593.1 3236234 2691.5 2.47 0.13

X-ray photoelectron spectroscopy (XPS), was used to confirm the surface compositions of N-
rGO and the results are illustrated in Figure 7.3a. The C 1s (Figure 7.3b) shows the C-C sp?
band at 284.2 eV, C-C sp® band at 284.7 eV, C-O band at 285.8 eV, C=0 band at 288.0 eV and
0O-C=0 band at 288.7 eV, respectively. Figure 7.3c shows the oxygen region ((C-O) at 531.7
eV and (C=0) at 533.1 eV) existence in N-rGO. The N 1s peak can be split into two individual
peaks (as shown in Figure 7.3d) located at 398.1 eV, 400.5 eV and 403.4 eV associated with
pyridinic, pyrrolic and oxidized nitrogen, respectively. The introduction of nitrogen atoms into
the honeycomb-like lattice is accompanied by structure defects such as vacancies, bonding
disorders, and noncyclized structures, resulting in high structural disorder [35]. Furthermore,
due to the high electronegativity and smaller covalent radius of nitrogen, doping would have a
major impact on the graphene structure and electrical properties, which would increase the

capacitance of N-rGO [36].
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Figure 7.3: (a) XPS survey spectra of the N-rGO, (b) high resolution C 1s XPS spectra, (c)
high resolution O 1s XPS spectra, (d) high resolution N 1s XPS spectra.

The TEM micrographs in Figure 7.4 show the sheet-like structures of GO and N-rGO with a
few micrometres in size. The wrinkles in the GO are due to the sp? to sp® transformations in
the carbon electronic structure that took place during oxidation [37]. The N-rGO sheets show
little to no wrinkling because of the restoration of some of the sp? carbon configurations. TEM

further supports the multi-layered graphene structure suggested by Raman analysis.
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Figure 7.4: TEM images of (a) GO and (b) N-rGO.

7.4.1 Electrochemical characterization

The sodium storage properties of Nao.44MnO2 nanowires were initially tested in a three-
electrode system using WIS and AWIS electrolytes. Figure 7.5 shows the cyclic
voltammograms (CV), galvanostatic charge/discharge (GCD), electrochemical impedance
spectroscopy (EIS) and specific capacity (Cs) of Nao.44sMnO; electrode material. As shown in
Figure 7.5a, the CV curves at 40 mV s display an ideal pseudocapacitive behaviour with
redox couples, indicative of surface Faradaic reactions due to physical intercalation/de-
intercalation of Na" ions [38]. The narrow redox peak separation indicates the excellent
electrochemical reversibility of the Nao.4sMnO: electrode and the separation widens with the
gradual increase of scan rate (see Supporting Information, Figure S1 (b & e) in Appendix
D). The result also shows that Nap.4MnO, in AWIS electrolyte has better electrochemical
performance (high current response and slightly wider voltage window) as compared to the
WIS electrolyte. The extended voltage window of the AWIS electrolyte is attributed to the
acetonitrile suppressing salt precipitation capability [39]. Figure 7.5b shows GCD curves with

non-linear triangular shapes in both electrolytes, which further reveal the pseudocapacitive
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behaviour of Nao.44MnOz. The GCD of Nao.44MnO2 in AWIS show higher discharge time and
a higher charging potential maximum, which is in good agreement with the CV data. In
addition, the symmetric GCD plots at high current densities (see Supporting Information,
Figure S1 (¢ & f) in Appendix D) demonstrate the excellent reversibility and coulombic

efficiency of the Nao.44aMnO; electrode material.

Furthermore, EIS was carried out to investigate the electrochemical properties of Nao.4sMnO-
in both electrolytes. The Nyquist plots were fitted to circuit components, such as the solution
resistance (Rs), charge-transfer resistance (Rc), interfacial resistance (Rint), Warburg
impedance (W), constant phase element (CPE) and electric double-layer capacitance (Car). At
the low-frequency range, the Nyquist plots of Nao.4MnO: in two electrolytes showed the Rs
values of 0.21 and 0.73, respectively. The high Rsvalue of AWIS is attributed to the high
viscosity of the electrolyte due to the addition of ACN. In addition, at the high-frequency range,
the smaller semicircle of the AWIS electrolyte as compared to the WIS electrolyte revealed
lower charge transfer resistance as shown in Table 7.3 and the inset of Figure 7.5c. Based on
equation 7.3, the Cs values of Nao.4sMnO- in WIS and AWIS electrolytes at different current
densities (0.5 A g to 5 A g*) were calculated and at 0.5 A g was found to be 74 and 78 F g°
! respectively, showing that the introduction of ACN into the electrolyte can enhance the
specific capacity. The high capacity in AWIS is attributed to the excellent ion transport from

the electrolyte to the active material surface.
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Table 7.3: EIS fitting results of Nao.44MnOz in WIS and AWIS electrolytes.

Electrolytes WIS AWIS
Rs (€2) 0.21+£0.10 0.73+0.02
Rct (2) 4.36 £0.35 415+0.24
Rint (€2) 109.63 + 3.48 79.98 + 3.03
CPE (F. sn@D) 17.44 +1.00 414 +£0.78
Cal (F) 0.008 + 0.001 24.31 £ 5,52
a 0.50 0.58
10 1.8
a —WIS
( ) 84 ——AWIS (b) 16ed= — = = = = = = —
b 64 144 - - - - =
% 1 @ewowmvs & 121
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Figure 7.5: Half-cell electrochemical characterization of Nao.44MnO; cathode material (a) CV
plots of Nag4MnO; in different electrolytes collected at scan rates of 40 mV s, (b)
galvanostatic charging-discharging plots collected at the current density of 0.5 A g%, (c) EIS
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measurements of Nao.44MnO: electrode in different electrolytes (insert Randle circuit) and (d)

variation of specific capacitance as a function of current density.

The electrochemical performance of N-rGO was carried out using the same electrolytes in a
three-electrode system. Figure 7.6a demonstrates N-rGO has an excellent EDLCs
characterization in both electrolytes. The GCD curves shown in Figure 7.6b also exhibit a
symmetric triangular shape with a slightly higher discharge time in the AWIS electrolyte.
These results show that N-rGO is more capacitive in AWIS than WIS electrolyte. To further
investigate the influence of ACN as a co-solvent on electronic transport of the N-rGO, EIS was
recorded out in both WIS and AWIS aqueous electrolytes. As shown in Figure 7.6c, the bulk
solution resistance Rs and the charge transfer resistance Rct can be obtained from the Nyquist
plot, where the high-frequency semicircle intercepts the real axis at Rs and (Rs + Rc)
respectively. For N-rGO in AWIS electrolyte, a small semicircle in the high-frequency region
and a straight line in the low-frequency region with a small intercept can be found. Compared
with WIS electrolyte, Rs for the N-rGO in both electrolytes remained close to 0.5 Q, however,
Rct after the introduction of ACN co-solvent decreases abruptly from 5.23 to 3.38 Q. The EIS
results suggest that the introduction of ACN as a co-solvent helps reduce the internal resistance
and increase the electrons transfer and electrolyte ions transport rate in the diffusion layer,
which enhanced the specific capacitance. Table 7.4 below shows the EIS parameters after

fitting.
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Table 7.4: EIS fitting results of N-rGO in WIS and AWIS electrolytes.

Electrolytes WIS AWIS
Rs (€2) 0.52 +0.67 0.062 + 1.06
Res (£2) 1.61 +7.05 1.12 +2.63
Ret (€2) 5.23+39.17 3.38+0.91
Rint (€2) 633030 + 391.7 99.76 + 233.4
CPEs (F. sN@1) 0.09+0.11 0.02+0.11
CPE (F. sN@1) 0.65+3.99 23.74 £ 0.16
Ca (F) 0.02+1.11 0.11+£0.05
a 0.86 1.00
i 0.098 0.104
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Figure 7.6: Half-cell electrochemical characterization of N-rGO anode material (a) CV plots
of N-rGO in different electrolytes collected at scan rates of 40 mV s, (b) galvanostatic
charging-discharging plots collected at the current density of 0.5 A g%, (c) EIS measurements
of N-rGO electrode in different electrolytes and (d) variation of specific capacitance as a

function of current density.

Figure 7.6d shows the specific capacitance at different current densities. The capacitance
values of N-rGO in both electrolytes decrease with increasing current density. The capacitance
of the N-rGO in AWIS electrolyte remains essentially the same (cf. 153 F gt at 0.5 A g versus
138 Fgtat5 A g, which is about 10% capacitance loss). This ability of the N-rGO in AWIS
electrolyte to maintain high capacitance even at high current density is indicative of excellent
capacity retention and high-power performance. The appreciable electrochemical performance

of N-rGO justifies its selection for anode material in an ASC.
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7.4.1.1 N-rGO//Nao.44sMnO2 asymmetric supercapacitor characteristics

An aqueous asymmetric supercapacitor (ASC) device consisting of Nao.44MnO> and N-rGO as
the positive and negative electrode was assembled in a two-electrode system (full-cell) to test
the electrochemical performance of N-rGO//Nao.4saMnO2 in AWIS electrolyte. The mass ratio
of electroactive material for the positive and negative electrode was calculated according to the

charge balance relation shown in equations 7.1 and 7.2:

9 =q (7.1)

where g* and g are the charges at the cathode and anode, respectively. The optimal mass ratio,

equation 7.2 was obtained using equation 7.1:

AV
AV"

m _C 7.2
_ = — .
m C' (7.2)
where m*, V* and C* denote the mass, potential window and specific capacitance of the
cathode, respectively and m’, V- and C denote the mass, potential window and specific

capacitance of the anode, respectively. Gravimetric specific capacitance (Cs), were calculated

based on the following formulae in equation 7.3:

IxAt

C=—ry FeD (7.3)

where Cs is the gravimetric capacitance, | (in ampere) is the discharge current, At (in second)
is the discharge time, m (in g) is the mass of both electrodes, AV is the potential window. The
corresponding gravimetric energy density (Es) and power density (Ps) were obtained from
equations 7.4 and 7.5, respectively.

_0.5CxAV?

s 36 (Whkgh) (7.4)
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E % 3600
P="——

= Wk (7.5)

The electrochemical calculations were carried out based on the total mass of the electrode
materials in the ASC. Figure 7.7a shows the typical CV plots of the individual electrodes (N-
rGO and Nap.4sMnQOy) recorded at a scan rate of 40 mV s in the potential windows of —1 to
0.0 V and 0.0 to1.6 V, respectively. The rectangular-shaped CV curve of the N-rGO electrode
showed an electric double layer capacitance, whereas the distorted CV curve of Nao.44MnO-
reveals a pseudocapacitance behaviour in addition to the double layer effect of MnO.. Since
N-rGO and Nao.44sMnO:> can store electric charges in the potential windows of —1.0 V and 1.6
V, respectively, the ASC built from these electrodes can be expected to work from 0 to 2.6 V,
however, due to the use of water-in-salt electrolyte, the maximum voltage window was 3.0 V
(see Supporting Information, Figure S2a in Appendix D). Figure 7.7b shows the CV curves
of the ASC cell plotted at scan rates of 10, 20, 40, 60, 80 and 100 mV st in the voltage window
of 0-3.0 V. All the CV plots are similar in shape, maintaining a pair of cathodic and anodic
peaks. In addition, these redox peaks are shifted away from each other as the scan rates
increases. This is indicative of the pseudo-capacitive nature of an ASC and dominates the
double layer contribution of N-rGO enormously, which is very clear from the large area of
corresponding CV plots. The GCD curves of the ASC are plotted in Figure 7.7c at current
densities of 0.75, 1, 1.5, 2.5 and 5 A g%, within the voltage window of 0-3.0 V. Additionally,
the nonlinear GCD plots support the fast and reversible redox peaks recorded in the CV plots.
Figure 7.7d show estimated specific capacitances at different current densities. The highest
value of specific capacitance, i.e., 61 F g%, was achieved at a current density of 0.75 A g~* with
a reduction to 25 F g* at a current density of 5 A g *. The decrease in capacitance is attributed

to the low utilization efficiency of active materials under high discharge currents.
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Figure 7.7: Electrochemical properties of the assembled ASC N-rGO//Nag.4sMnO2 with AWIS
as electrolyte (a) CV plots of negative electrode prepared using nitrogen-doped graphene oxide
and positive electrode prepared using Nao4MnO; at a scan rate of 40 mV s™ in AWIS
electrolyte, (b) CV plots of ASC cell recorded at different scan rates, (c) GCD plots recorded

at different current densities and (d) specific capacitance of at different current densities.

The capacity retention and coulombic efficiency of the ASC are shown in Figure 7.8a. The
first and last ten cycles of the GCD curves is shown in the inset of Figure 7.8a. The cyclic
stability determines the use of an ASC device in the industry. Here, the designed ASC was
subjected to 1,900 GCD cycles at a current density of 5 A g%, It was found that ASC retains
its specific capacitance by 68 % with improving coulombic efficiency (n = td/tc x 100), higher
than the initial cycles (94-98%). The EIS parameters before and after 1,900 cycles (modelled
with the simple Randles electrical equivalent circuit, EEC, insert in Figure 7.8b) include: (i)

bulk resistance (Rs) due to the combined resistances arising from the current collectors,
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electrodes, electrolyte and separator, (ii) charge-transfer resistance (Rct) due to electron
transport, (iii) interfacial resistance (Rint) due to IR drop and (iv), (CPE) due to inhomogeneous
or irregular structure or morphology of the electrode surfaces and (Ca) due to double-layer
capacitance. The modelled parameters are summarized in Table 7.5. After the 1,900" cycle,
the Rs and Rt values increased from 0.21 and 3.90 to 2.58 and 7.63, respectively, suggesting
that there was a formation of solid electrolyte interface (SEI) and recrystallization of the
electrolyte (see Supporting Information, Figure S4b in Appendix D), resulting in a decrease
electrolyte ion mobility. The "a" values from CPE increased from 0.83 (before cycling) to 0.87
(after 1,900 cycles), indicating that the electrode materials retain their mixed
pseudocapacitance. Changes in the EEI layer can also be calculated from the power capability
of an asymmetric device before and after long-term cycling by examining the knee frequency
(fo/Hz) [40]. The presence of a high f, value indicates that the ASC device has a high-power
density. The ASC device showed a higher f, value before cycling (ca. 82.08 Hz, response time,
1, 12.18 ms) than after the 1,900th cycle (ca. 16.92 Hz, 59.10 ms). The SEI layer of the
electrodes is also confirmed by this huge difference in response times. The Bode plots shown
in Figure 7.8c, illustrate the phase angles of the N-rGO//Nao.44MnO2 ASC device before (-71°)

and after 1,900 cycles (-79°), confirming the poor ion diffusion process.
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Table 7.5: EIS parameters for N-rGO//Nao.4sMnO2 asymmetric cell before and after the
1,900th cycles.

EIS parameters N-rGO//Nao.44MnOz2 device
Before 1,900 cycles After 1,900 cycles
Rs/ Q 0.21+0.04 2.58 £0.37
Ret / Q 3.90+0.40 7.63+0.45
Cal/luF 7.60 +4.84 12.65 + 3.88
Rint / Q 98.36 + 14.05 59.72 £ 39.00
a 0.83 0.87
CPE / mF. sn@1 14,55+ 0.33 29.18 +1.84
fo/ Hz 82.08 16.92
z/ ms 12.18 59.10
Phase angle -71° -79°
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Figure 7.8: (a) Coulombic efficiency and capacity retention for 1,900 GCD cycles carried out
at a current density of 5 A g%, (b) EIS measurement before and after 1,900 cycles, (c) Bode
plots before and after 1,900 cycles of the N-rGO//Nao.44sMnO> device and (d) Ragone plot of
the supercapacitor (energy density vs. power density).

The Ragone plot of the N-rGO//Nag.4sMnO2 ASC device is shown in Figure 7.8d and the
values of Es and Ps are calculated from the GCD curves at different current densities according
to equation 7.4 and 7.5. The energy density of the N-rGO//Nao.44MnO2 ASC device can reach
up to 75.8 W h kg at a power density of 1125 W kg and remains 31 W h kg™ at a power
density of 7500 W kg. This is a good energy density compared to other MnOz-based
asymmetric supercapacitors reported in literatures, such as AC//NaMnO: [7], N-
rGO//NaxMnO; [27], NaMnO2.«/NF//AC/NF [41], NCMO//NC [42] and MnO2/GO//HPC [43].
The excellent specific capacitance, cyclic stability performance and columbic efficiency of the
ASC is attributed to the defects in N-rGO and well-crystallized Nao.44MnQO2 nanowires. The

Nao.44MnO2 nanowires provide a large ion accessible surface for electrolyte ions diffusion and
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insertion—desertion. Moreover, the assembled Nao44MnO: and highly conductive N-rGO
facilitate the electronic charge transport between poorly conducting Nao.44MnO- and the current

collector.

7.5 Summary

In this work, an asymmetric supercapacitor device operable in a “water-in-salt” electrolyte is
developed, using Nao.44sMnO. nanowires and N-rGO as positive and negative electrodes,
respectively. The N-rGO//Nao4sMnO> ASC device can be operated reversibly in a wide
potential between 0 and 3 V in AWIS agueous electrolyte and exhibits a maximum specific
capacitance of 61 F g *. The energy density of 75.8 Wh kg at a power density of 1125 W kg
~Lwas obtained and still remains 31 Wh kg * at a power density of 7500 W kg 1. Meanwhile,
such asymmetric supercapacitor device also exhibits superior long cycle life along with ~68%
specific capacitance retained after 1,900 cycles. These findings show how to build an
asymmaetric supercapacitor simply and effectively to meet the growing need for energy storage

devices with high energy and power density.
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CHAPTER 8

Conclusions and recommendations

8.1 Conclusions

This research investigated the synthesis and characterization of a 3D hierarchical nitrogen-
doped carbon nanotubes-carbon nanofiber hybrid as an improved electrode material for
symmetric and asymmetric supercapacitors. The research focused on using 3D N-CNT@CT
EDLCs in conjunction with battery-type (AT-Ni/MOFDC) and pseudocapacitive (Nag.44MnO>)
materials to strengthen the performance of hybrid supercapacitors. The work included: (i)
nitrogen-doping CNT@CF hybrid network for enhanced symmetric supercapacitor
performance in an aqueous electrolyte; (ii) synthesizing and characterizing AT-Ni/MOFDC
cathode material for hybrid asymmetric capacitors and (iii) synthesizing and characterizing
Nao.44sMnO> cathode material for asymmetric capacitors. X-ray powder diffraction (XRD),
Raman spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy
(TEM), Brunauer-Emmett-Teller (BET) analysis and X-ray photoelectron spectroscopy (XPS)
were used to investigate the structural, morphological, porosity and compositional properties
of the as-synthesised materials. For all the materials, electrochemical tests such as cyclic
voltammetry (CV), galvanostatic charge-discharge (GCD), electrochemical impedance
spectroscopy (EIS) and cycle stability test were evaluated using aqueous electrolytes. The
results show that when the 3D N-CNT@CT electrodes were assembled into a symmetric cell
and operated in an aqueous electrolyte (6 M KOH) a relatively high energy density of 5.5 Wh

kg™ and a power density of 254 W kg™ were obtained. In addition, a demonstration for its
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practical application, using LED bulb indicates the great potential application in energy

storage/management for small and lightweight electronics.

We also have successfully fabricated AT-Ni/MOFDC battery-type electrode material. In a
three-electrode configuration, the AT-Ni/MOFDC exhibits superior electrochemical properties
in terms of lowered series resistance and high specific capacity as compared to the untreated
analogue (Ni/MOFDC). Furthermore, it was demonstrated that the Faradaic and non-Faradaic
processes control the energy-storage mechanism of this novel Ni-based electrode material,
which is something that is often misrepresented in the literature. The electrochemical properties
of the N-CNT@CF//AT-Ni/MOFDC hybrid capacitor was also studied using cyclic
voltammetry (CV), galvanostatic charge-discharge and impedance measurements. Results
showed that the N-CNT@CT//AT-Ni/MOFDC hybrid supercapacitor has a greater
capacitance, rate capability and cycling stability as compared to the N-CNT@CT//N-

CNT@CT symmetric cell.

The two-step synthetic techniques: Couette-Taylor flow reactor and hydrothermal method were
used to successfully synthesize Nao.44sMnO; cathode material. The electrochemical properties
of the material were investigated using a three-electrode device in 1M Na>SOs, 3M NaOH and
3M KOH electrolytes. Due to high conductivity and intercalation/de-intercalation like
behaviour in 3 M KOH electrolyte, the Nao.44MnO2 delivered a maximum capacitance of 108
F g. An asymmetric full cell (N-CNT@CF//Nao.4sMnO2) was also fabricated using 3M KOH
as electrolyte and demonstrated better electrochemical performance compared to its
counterparts. In addition, the cell delivered a high gravimetric and volumetric specific
capacitance (47 F g, 86 F cm™®), the energy density of (21 W h kg™?) and power density of

(450 W kgt at 0.5 A g,
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Finally, an asymmetric supercapacitor device operated in a “water-in-salt” electrolyte was
developed, using Nao.44sMnO. nanowires and N-rGO as positive and negative electrodes,
respectively. The N-rGO//Nao.44aMnO2 ASC device was operated in a wide potential between 0
and 3 V in AWIS aqueous electrolyte and exhibits a maximum specific capacitance of 61 F g
1. The energy density of 75.8 Wh kg™ at a power density of 1125 W kg ~* was obtained and
still remains 31 Wh kg ! at a power density of 7500 W kg . These findings demonstrate that
asymmetric supercapacitors can effectively be used to meet the growing need for energy

storage devices with high energy and power density.

In summary, carbon nanomaterials with a porous structure and high electrical conductivity are
of great interest for a wide range of applications. Designing and fabricating various carbon
materials by combining different carbon nanomaterials to produce a hierarchical composite
structure with superior properties is an excellent way to learn more about carbon materials.
Such composite structures will be very useful for multidisciplinary applications such as energy
storage devices, energy conversion devices, and capacitive deionization of water and so on,

implying the potential for more research in this area to solve many environmental issues.

8.2 Recommendations for future work

Additional research is necessary to further explore the properties of the investigated materials

to improve them. These future studies should include:

e Investigation of the effect of different nitrogen concertation on electrochemical
properties of N-CNT@CT.

e Study of the AT/NIMOFDC cathode material with other anode materials in an
asymmetric configuration to further enlarge the energy and power densities.

e Characterize the WIS and AWIS electrolytes using FTIR and Raman spectroscopy.
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e Power LID bulb using N-rGO//Nao.44MnO, ASC device.
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APPENDIX A

Supporting information for Chapter 4.

Figure S1: TEM image of reference CNTSs.

Table S1: Gaussian and Voigt spectral fitting parameters of the CFs, CNTs, CNT@CF, N-

CNT@CF samples.

CFs
Y 20.0 4.70 4.56 22.8
CFs (002) 25.1 18.4 4.45 87.2
T 30.4 3.8 4.01 16.2
CNTs
Peak 1 24.4 20.4 1.89 43
Peak 2 25.8 90.6 1.73 174.9
CNT@CF
Peak 1 24.0 7.2 1.82 14.6
CFs (002) 25.5 20.1 1.41 31.4
CNTs (002) 26.6 117.4 1.05 136.9
N-CNT@CF
CFs (002) 25.6 2.5 1.37 3.9
CNTs (002) 26.3 5.4 0.99 6.0
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Table S2: Lorentzian and Gaussian fitted parameters of the G, D1, D3, Dsand D3 bands for
the CFs, CNTs, CNT@CF, N-CNT@CF samples.

Bands Position (cm™) Area FWHM
CFs
D4 1169 2654.8 1195
(DJ] 1347 24227.1 223.5
Ds 1543 7289.4 146
G 1579 6299.6 75.7
D> 1608 1919.7 36.1
CNTs
D4 1289 5152.8 63.6
Di1 1352 13393.7 50
D3 1478 8792.1 157.1
G 1581 7797.2 374
D> 1609 25603.1 35.5
CNT@CF
D4 1277 8000.9 175.1
Di1 1340 84545.3 76.3
D3 1485 1078.9 123.1
G 1572 47289.9 48.2
D> 1601 3303.8 37.5
N-CNT@CF

D4 1171 9565.7 110.6
D: 1347 193773 60
D3 1523 15440.2 108
G 1583 72916.4 44
D> 1611 21405.2 34.7
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Figure S2: CV curves of (a) CFs, (b) CNTs, (c) CNT@CF and (d) N-CNT@CF network.
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Figure S3: GCD curves of (a) CFs, (b) CNTs, (c) CNT@CF and (d) N-CNT@CF network.

Table S3: EIS parameters for the electrode materials for three-electrode systems

EIS parameters Electrode materials

CFs CNTs CNT@CF N-CNT@CF
Rs/ Q 0.42 £ 0.45 0.14£0.43 0.32+£1.00 0.21+0.76
ESR/Rct / Q 15.44 +1.00 2.74 £0.45 8.45 +1.00 2.22 £ 0.54
Cal / uF 5.56 + 0.22 0.66 +0.84 9.28£0.94 0.98 £0.92
Rint / Q 18.02 £5.35 11.26 £21.81 41.05+£0.55 14.05 £ 0.85
CPE /mF.sh@l 7747 + 83.56 10.12 £ 90.94 6.63 £ 0.62 16.39 £ 0.82
a 0.83 0.93 0.62 0.98
Zw/ QN2 - - 94.41 +0.11 -
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Figure S4: EIS measurements of CNT@CF and N-CNT@CEF electrodes, before 10,000
cycles.
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APPENDIX B
Supporting information for Chapter five.
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Figure S1: FTIR spectra (a) Ni-MOF, (b) Ni/MOFDC, and AT-Ni/MOFDC

The FTIR spectrum of the as-synthesized Ni-MOF (Figure S1a) shows the functional groups
present in the formation of the sacrificial template. Absorption of the following functional
groups: -OH stretching (3320 cm™), C-H stretching (2925 cm™), C-H bending (2865 cm™), C-
H in-plane (869 cm™), C-H out-of-plane (1047 cm™), C-C stretching (1427 cm™), COO-
symmetric vibrations (1568 cm™), COO- asymmetric vibrations (1365 cm™), CO bending
vibrations (704 cm™t), CO stretching vibration (1726 cm™) and Ni-O coordinate bond (548 cm
1Y confirm the formation of the as-synthesized Ni-MOF. After carbonization and/or chemically
etching, the FTIR spectra (Figure S1b) show the same functional groups in the Ni/MOFDC
and AT-MOFDC, which are Ni-O (548 cm™), C=C (2025.5 cm™), C=N (2168.8 cm™),
carboxylic acid O-H (2363.4 — 2680.0 cm™), C-H bending (2946.2 cm™) and C-H stretching
(3100. 0 cm™), respectively. These results show that the frameworks of the MOF were broken

down at high temperatures.
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Table S1: Lorentzian and Gaussian fitted parameters of the G, D1, D2, D3 and D4 bands for the
Ni/MOFDC and AT-Ni/MOFDC materials.

Bands Position (cm™) Area FWHM
Ni/MOFDC
D4 1219 2944.7 175.8
D1 1344 8874.1 94.0
Ds 1478 4022.9 210.5
G 1575 4974.4 74.9
D> 1605 1582.5 31.8
AT-Ni/MOFDC
D4 1229 508.5 105.9
D1 1341 13522.4 97.2
Ds 1489 1294.8 101
G 1571 6341.3 37.2
D> 1610 2630.9 41.4

Figure S2: Typical TEM micrograph of as-prepared Ni-MOF in this work shows

interconnecting pores distributed over the surface.
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Figure S3: SEM images of the (a) Ni/MOFDC, (b) AT-Ni/MOFDC, EDS spectra of the (c)

Ni/MOFDC, and (d) AT-Ni/MOFDC.
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Figure S4: (a, b) CV curves of Ni/MOFDC and AT-Ni/MOFDC at different scan rates, and (c,

d) GCD curves of Ni/MOFDC and AT-Ni/MOFDC at different current densities.
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Figure S5: Cycling performance of Ni-based electrodes.
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Figure S6: Electrochemical stable window for N-CNT@CF//AT-Ni/MOFDC.
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APPENDIX C
Supporting information for Chapter six.
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Figure S1: Size distribution bar graph..
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Figure S2: X-ray photoelectron spectroscopy (XPS) analysis, narrow scan of Mn3s.
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—
D50
a '8
45
]
ccu 40
=35
@ 30
25
L 20
T
® 15
10

Gravim

o
-
N -

5
0

Figure

—@—1MNa,S0,

—@—3MNaoH 180
—&— 3M KOH

450
440
430
420
410

S4:

4 5

Current density (Ag'1)

Capacitance

and Ragone

—
i 102

g (b) < —@— 1M Na,S0,
w 2 —3—3M NaOH

p = —3—3M KOH

O =

[ o —

g 2-'" 0\0\‘\1%

= =

@ 210° O_KQ\"\Q

% [

s 3

L <)

E 3

o c

£ I}

S

(=] 10° r T

> 10" 102 10° 104

Power density (W kg'1)

plot of asymmetric capacitors on N-

CNT@CF//Nao.44MnOz2 in 1M NazSO4, 3M NaOH, and (c) 3M KOH.

THAPELO MOFOKENG

249



APPENDIX D

25 10
(ﬂ) —_ (b)) T —wme —mmve—ams
—1ov 84— csomvs' o mvs' 100 mvs”
201 __q2v 0, evolution . i mvs 8o mvs mvs
—14YV I 64
154 —16v : o
=z [ I =z 4 WIS
< 11 WIS L] E ]
= -
s 54 5 0 r
E td BV
[URRS &)
-4 4
54
64
10 T T T T T T T T 8 T r T v v v v . 0.04 . . . . .
02 00 02 04 06 08 10 12 14 16 18 02 00 02 04 06 08 10 12 14 16 0 100 200 300 400 500
Potential (V) Potential (V) Time (s)
1.8
(d) gd —10v (c) g —5mvs' —10mvs' —20mvs ' —— a0 mvs’ (f)
—— 60 mVs " 80 mvs" 100mvs" A
64 65
= 4 — 4] AWIS
< =z AWIS -
E -] =
= 2 E .} <
5 = =
2 o S o] = . =
= = =
= )
s iy Eﬂ z
hd ~ =~
44 44
654
——————T—TTTT—T ————T— T X - . } . r
02 00 02 04 06 08 10 12 14 16 18 02 00 02 04 06 08 10 12 14 16 18 0 100 200 300 400 500 600
Potential (V) Potential (V) lime (s)

Figure S1: (a, d) Electrochemical stable window, (b, ) CV at various scan rates and (c, f)
GCD at various current densities of Nao.44sMnOz in WIS and AWIS electrolytes.
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Figure S2: (a, ¢) CV at various scan rates and (b, d) GCD at various current densities of Na-
rGO in WIS and AWIS electrolytes.
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Figure S3: (a) electrochemical window of ASC device, (b) GCD of ASC device (insert GCD
of N-rGO and Nao.44sMnQy), (c) images of WIS and AWIS electrolytes and (d) T-type
Swagelok after 1,900 cycles (re-crystallization of the electrolyte).
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